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ABSTRACT 
 
Aluminum A356 alloys have several interesting properties to be used in automobile 
and aircraft industries. Recent studies have shown that the properties of cast 
aluminum alloys are modified by the insertion of reinforcement nanoparticles. This 
study investigates the microstructure and mechanical properties of ZrO2 
nanoreinforced A356 alloy in T6 heat treated condition. Some samples of as cast 
monolithic A356 and 3% ZrO2 nanoparticles (30nm) reinforced A356 were 
prepared by stir casting from the semi-solid state followed by T6 heat treatment 
process. The samples were solution treated at temperature of 550°C for 2hours 
followed by aging at different temperatures (170°C&180°C), for different aging time 
(2hr,4hr&6hr). The results obtained in this work showed enhancement in the 
mechanical properties (ultimate strength, ductility and hardness). The as cast 
samples showed values of 119 MPa,4.5% &23 HRB, respectively, while the 
3%ZrO2 reinforced samples  showed the values of 165MPa,4.7% &60 HRB, 
respectively. After T6 heat treatment, the same values changed to 198MPa, 6.4% 
&70HRB, respectively for the nanoreinforced samples. The microstructure 
morphology was changed from lamellar eutectic structure to spheriodized eutectic 
structure. 
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INTRODUCTION 
 
Aluminum and its alloy are used in many industrial applications, due to their excellent 
properties, such as high strength-to-weight ratios, high thermal conductivity, good 
corrosion properties and excellent workability [1- 5]. The use of Al-Si-Mg alloys, in 
particular, is attractive to the automotive industry, due to lightweight and reasonable 
strength after ageing treatment [6]. The structure of as-cast A356 alloys consists of 
coarse primary α-Al dendrites and acicular-shaped eutectic silicon, which decreases 
the mechanical properties and limits its industrial applications. The mechanical 
properties are usually controlled by controlling the microstructures of the alloys [7, 8]. 
 
The commonly used methods for improving the mechanical properties of the Al-Si 
casting alloys include grain refinement, modification of structure and heat treatment. 
Grain refinement is done by adding Ti-B or Ti-C based grain refiners into the melt to 
refine the grain size of the casting into fine-Equiaxed structures [9-10]. Further 
improvement of mechanical properties is achieved by heat treatment. Heat treatment 
of these alloys leads to successive precipitation of reinforcing precipitates, depending 
on the alloying additions. The successive precipitation sequence in Al-Si alloys to 
which Mg is added is βSSS → β″ → β′ → β (Mg2Si)) and in Al-Si-Mg alloys with Cu 
addition is αSSS → θ″ → θ′ → θ (CuAl2); where, βSSS and αSSS is the 
supersaturated solid solution. The complete precipitation sequence can only occur 
when the alloy is aged at temperatures below the GP zone solves. The mechanism 
of the transformation sequence usually involves heterogeneous nucleation at the 
sites of earlier products, resulting in fine and uniform precipitate dispersions [11-12]. 
Heat-treatable aluminum alloys are those whose mechanical properties may be 
improved by means of a specific heat treatment. The T6 heat treatment process 
involves three stages, namely, solution heat treatment, quenching and aging. The 
purpose of the solution heat treatment is to place the maximum amount of hardening 
solutes, such as Mg, into solid solution in the aluminum matrix [13-20]. T6 is the most 
used heat treatment for the Al-Si-Mg alloy, and it consists of solution heat treatment 
and artificial ageing [16]. Heat treatment results enhancement in the casting 
mechanical and microstructure properties [17-19]. Heat treatment is also carried out 
to obtain optimum combination of ductility and strength in Al-Si-Cu-Mg alloys, by 
solution treatment, quenching and artificial aging [20]. 
 
During the last ten years many researchers [21-31] have investigated and reported 
the beneficial effects of adding nanoparticles to A356 alloy with respect to 
microstructural refining and mechanical properties enhancement. However, the main 
problem reported by almost all researchers was the tendency of the nanoparticles to 
agglomerate. This problem has been approached in literature via different techniques 
regarding the pretreatment of the nanoparticles and the control of their addition 
parameters. The authors have investigated the addition and pretreatment conditions 
in a previous work [31], from which it was shown that the treatment and feeding 
technique of the nanoparticles have a strong effect on the efficiency of the 
nanodispersed strengthening of A356 cast aluminum alloy. There is lack in literature 
on the study of the effect of T6 heat treatment on the final properties of this alloy, 
therefore the aim of the present investigation is to study the microstructure and 
mechanical properties of the as cast and T6 heat treated A356 alloy reinforced with 
ZrO2 nanoparticles.  
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EXPERIMENTAL WORK 
 
Material and Manufacturing Process 
 
The matrix alloy used for this study is A356 alloy, which has the chemical 
composition shown in Table1, in weight percentage. ZrO2 particles of 30 nm sizes 
were added as the reinforcement shown in Fig.1 (a-c) with the EDX analysis for the 
particles shown in Fig. (1-d). The charge was loaded in an electric furnace and 
heated up to 700°C. After complete melting of the aluminum alloy, the temperature 
was brought down to the semi-solid state (slurry)    610°C, and a mechanical stirrer 
was brought down in to the molten slurry shape rotating at a constant stirrer speed of 
670 rpm. The ZrO2 nanoparticles were capsulated in an Al foil and preheated at 
220°C for 3 hours in the electric furnace. The treated capsulate foil particles were 
added to the molten metal at constant rate to improve the wettability in the molten 
base metal, the stirring action was continued for 2 minutes to enable uniform 
distribution of the ZrO2 nanoparticles. The casting parameters were selected based 
on previous work by the authors [28-30].  
 
After casting, the cast samples where machined and samples were taken from the 
castings and heat treated according to the specified heat treatment cycle. The heat 
treatment consisted of solution treatment at (550°C for 2 hours), followed by water 
quenching at (25°C), the samples were then artificially aged at temperatures of 
(170°C&180°C) for different  ageing time durations (2 hr., 4 hr. & 6 hr.). 
 
Specimen Preparation: 
 
Deferent samples of the cast and T6 heat treatment where prepared for 
microstructure and mechanical properties. The microstructure examination was 
carried out, using Olympus (BX41M-LED) optical metallurgical microscope linked to 
high-resolution digital camera with image analyzer software for microstructure 
analysis. The topography characteristics were studied using Scanning Electron 
Microscope SEM.JEOL (JSM-5500 LV) by applying high vacuum mode at 20 KV, 
after etching using diluted Keller’s reagent of chemical composition (190 ml distilled 
water, 3 ml HNo3, 5 ml HCl and 2ml HF) for 30 sec. The samples were coated by 
gold sputter coater (SPI-module) and were examined under X-ray micro-analyzer 
(Module Oxford 6587 INCA x- sight) attached to SEM after gold coating (ionization of 
the specimen by solution containing particles of gold). 
 
The hardness tests were conducted on  Rockwell Hardness Device,scale( HRB ). The 
load 100Kg (primary load 10 Kg + additional load of 90 Kg ) and (1/16)″ diameter 
hardened steel ball, and initial time 10 second. The cast specimens were machined 
according to ASTM (B557M-060) standard with a gauge length of 36 mm and gauge 
diameter of 6 mm for tensile test. The tensile test was performed on Monsanto 
Company machine controlled by tonometer of mercury liquid with capacity 10KN at 
low constant rate (this device is manually operated), the reported results for each 
case was determined based on a minimum of three test specimens.  
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RESULTS AND DISCUSSION 
 
Microstructural Observation of the Cast Samples 
  
The optical images, shown in Fig (2-a), illustrate the microstructure of the monolithic 
cast A356 and the A356/ ZrO2 nanoreinforced composites. It is shown from Fig (2-a), 
that the structure of the monolithic A356 Al alloy consist of a dendrite structure of 
eutectic Si & Al phase consisting of globular grains and eutectic silicon phase. 
Equiaxed grains were observed after the nanoparticles addition to the matrix alloy, as 
shown in Fig (2-b).  The SEM microstructure of the monolithic cast alloys is shown in 
Fig (3 a-b). The Al alloy consists of primary α phase (light regions) & Al/Si eutectic 
structure (darker regions). Needle-like primary Si particles were also found to be 
distributed along the boundaries of the α-Al phase.  The SEM micrographs of the 
A356 matrix alloy reinforced with capsulated 3% ZrO2 particles is shown in Figs (3 c-
d), where, the presence of large grains of primary α-Al, flake lamellar Si and some 
random distribution of small clusters of ZrO2 particles having non-spherical shape is 
observed. 
  
Microstructure Observation of T6 Heat Treatment Specimens 
 
The microstructure of the monolithic cast A356 alloys before and after T6 heat 
treatment are shown in Fig 4 (a & b). The structure of the monolithic A356 Al alloy 
consists of primary α phase (dark regions) & Al/Si eutectic structure (lighter regions). 
Needle-like primary Si particles were also found to be distributed along the 
boundaries of the α-Al phase. The morphology of the microstructure changed after 
heat treatment. The lamellar eutectic structure size phase was converted in to fine 
spheriodized Si particles uniformly distributed in Al the matrix. Similar results are 
reported in literature of semi-solid casting of A356 [21].  
 
Also the microstructure of theA356/3% ZrO2 alloys before and after T6 heat treatment 
are shown in Fig 5 (a & b). The morphology of the microstructure changed after the 
T6 heat treatment. The lamellar eutectic Si size phase was converted into fine 
spheriodized Si particles uniformly distributed in the Al matrix, which significantly 
improves the mechanical properties. Soaking the alloy at a temperature near the 
eutectic temperature sufficient to dissolve the hardening elements (Si, Mg) and 
enhances the distribution and leads to refinement of the eutectic silicon particles.  
 
The microstructure of the A356 matrix alloy reinforced with capsulated 3% ZrO2 
particles aged for a variety of time lengths are shown in Fig 6 (b-d) were, specimen 
(a) non- heat-treated consists of primary α phase (dark regions) & Al/Si eutectic 
structure (lighter regions), and needle-like primary Si particles. Specimens (b-d) heat-
treated at aging temperature 170°C at different aging time lengths (2hr, 4hr& 6hr.). It 
is shown from the figure that the microstructure features of the Al-Si-Mg alloy 
improved with ageing time and the microstructures exhibited periodization of the 
silicon flakes into fine structures, which account for the improved mechanical 
properties. The effect of heat treatment on fragmenting and spherodising the Si 
particles has been explained to be related to the presence of Mg (0.213% in this alloy 
Table 1), where the following precipitation sequence was described: (i) aluminum 
supersaturated solid solution; (ii) cluster of Si and Mg atoms; (iii) dissolution of Mg 
cluster and formation of Mg/Si co-cluster (GP-zone; (iv) formation of Mg2Si stable 
plates. 
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Effect of Artificial Ageing Temperature and Ageing Time on Hardness 
 
The variation in the hardness of the monolithic A356 alloy and A356/3% ZrO2 
nanoreinforced alloy is shown in Table 2 and Fig 7 at different ageing (temperature & 
time). It is observed that the addition of nanoparticles resulted in higher hardness 
than the monolithic A356 alloy.  The maximum hardness after 4hrs aging at 170°C is 
(70 HRB), and the increase in the hardness of the heat treated sample has been 
correlated with the formation, development and growth of the GP zones [28]. Other 
work has attributed the increase in hardness to the harder and stronger interfacial 
bonding strength of the spherodised eutectic (Si and Mg) phase after T6 heat 
treatment [22]. The increase in the hardness is due to the formation of the GP zones. 
The decrease in the hardness after reaching the peak results from a transformation 
of the GP zones into an intermediate metastable phase due to over aging, which 
decreases the hardness after a certain time [23, 24]. The results also demonstrates 
that, longer ageing times lead to over ageing which results a decrease in the 
mechanical properties such as hardness and impact energy [25].  
 
Effect of (T6) Heat Treatment on Tensile Strength and Hardness of A356 Alloy 
 
Tensile test samples were machined from the aged castings at (170°C for 4 hrs.) and 
tested for each alloy, the results of which are shown in Table 3 and Fig 8. It is clearly 
observed that higher strength values were achieved after heat treatment. The UTS 
increased from (119 to167 MPa) for the monolithic alloy and from (165 to198MPa) for 
the A356/3% ZrO2 Alloy. This increase in strength after heat treatment can be 
explained by the dislocation theory, as the precipitated particles act as an obstruction 
to the motion of the dislocation and provide resistance to the motion of the 
dislocations, leading to increase in the tensile strength [26]. 
 
Generally, the tensile properties of the Al-Si-Mg alloy improved with ageing time until 
it reached the peak ageing time i.e. from( 2-4 hr.), afterwards it dropped after 
between 4-6 h ageing time. This is attributed to the continuous increase in the 
breakdown (over ageing), the structure of the Si eutectic network formed with grain 
refinement as the ageing continued, which explains the decrease in the strength of 
the alloy. 
 
Figure 9 shows the average % elongation of the samples which were aged at (170°C 
for 4 hrs.). It’s clearly observed, that the % elongation increased after heat treatment, 
from (4.5 to 4.9%) for the monolithic alloy and from (4.7 to 6.4) for the A356/3% ZrO2 
reinforced alloy. This result is due to increase in ductility of the alloy after heat 
treatment resulting from the periodization of the silicon crystals because the stress 
required for nucleating avoid or crack at a particle matrix interface would increase for 
this morphology. 
 
Figure 10 shows the hardness of the samples after ageing at (170°C for 4 hrs.). It’s 
clearly observed that the higher hardness is achieved after heat treatment. The 
hardness increased from (23 to 52 HRB) for the monolithic alloy and from (60 to 70 
HRB) for the A356/3%ZrO2 reinforced alloy. The hardness of the heat-treated 
samples increased because harder and stronger interfacial bonding strength of the 
eutectic phase was retained after T6-heat treatment. T6-heat treatment provides 
hardening by precipitation of constituents from the solid solution. The Precipitation of 
these constituents occurs during the artificial aging step. The sharp edge fiber 
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eutectic Si transforms into spheriodized eutectic Si embedded in the homogeneous 
α- Al matrix. The precipitated constituents are believed to account for the increase of 
hardness [26].  
 
The previous results show that the introduction of 3%ZrO2 nanoparticles resulted an 
enhancement in the tensile strength and the ductility after heat treatment. During the 
solidification process the changes are caused by the difference of the coefficients of 
thermal expansion in the primary phase of composites as matrix (aluminum or silicon) 
and the introduction of nanoparticles as reinforcement secondary phase resulted 
enhancement in the hardness. The coefficients of thermal expansion of the primary 
matrix phase such as aluminum and silicon and the ceramic material reinforcement  
ZrO2 TiO2 nanoparticles have different values: for the primary phase (22.2 × 10−6 
1/K) for aluminum, and  (3 × 10−6 1/K) for silicon and (6.53 × 10−6 /K) for ZrO2 
nanoparticles.  Additionally, when the nano particles are  present in the matrix alloy, 
these particles lead to increased dislocation density generation. The dislocation 
density increase helps or contributes to the increased hardness of the aluminum 
phase. The increase in the hardness is due to the mismatch or difference in the 
thermal expansion and difference in elastic moduli of the nanoparticles also. The 
addition of the nanoparticles results in restriction in the plastic flow of matrix, where 
the constrain in the plastic flow is because the inter-particle distance is smaller and 
that results increase in the flow stress. This is according to the classical theory for 
dispersed strengthening in forming composites, which explains that the role of 
dispersed nanoparticles is to constrain the motion of the dislocations by the 
precipitates and the dispersoid particles in the matrix. These particles are coherency 
strains and the all dislocations gather networks around them, this is due to a misfit 
between the reinforcement particles and the matrix alloy, this misfit causes the 
increase in strength and hardness. 
 

 

CONCLUSIONS 
 
Based on the results presented in this study, the following conclusions may be 
drawn: 
1- Applying the T6 heat treatment to cast A356 alloy with and without ZrO2 

nanoparticles addition results in changes in the microstructure of the alloy, were 
the Si flakes become refined and spheriodized, resulting improvement in the 
mechanical properties.   

2- The optimum heat treatment achieved in this work is by solution treatment at 
550°C and aging at 170°C for 4hrs. 

3- The hardness of the specimens increase with increase in ageing time from 2-4 
hrs. reaching a value of 52 HRB for the monolithic alloy and 70 HRB for the 
nanoreinforced alloy, and decrease with increase in aging time from 4-6 hrs.  

4- The T6 heat treatment is more effective on hardening the monolithic A356 alloy 
(23-52 HRB), compared to the nanoreinforced alloy (60-70 HRB).   

5- The T6 heat treatment is more effective on strengthening the monolithic A356 
alloy (119-167 MPa), compared to the nanoreinforced alloy (165-198 MPa).   

6- The T6 heat treatment is more effective on enhancing the ductility of the 
nanoreinforced alloy (4.7-6.4%), compared to the monolithic A356 alloy (4.5-
4.9%). 
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TABLES AND FIGURES 

  

Table 1. Chemical Composition of the A356 Alloy. 

Element composition (wt. %) 

Si Cu Mg Fe Mn Zn Ti Al 

7.511 0.049 0.213 0.620 0.053 0.039 0.049 Bal. 

 
 

   

Fig. 1. SEM micrographs of (30nm) ZrO2, at (a) X2000 (b) X10000 (c) X20000,  
Magnificent spectrum ZrO2 particle and EDX analysis of ZrO2nanoparticles. 

 

 

 
 

Fig. 2 Optical micrographs of A356 aluminum alloy as cast alloy from the liquid state 
at 700°C (a) & A356/3%ZrO2 cast from the semi-solid state at 610°C (b) 
capsulate Feeding at X 100 magnification. 

 

a 

Dendritic Structure 

b 

Equiaxed structure 

ZrO2  agglomerate 

α-Al 

Eutectic Si 
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Fig 3. SEM Micrograph of cast A356, flake lamellar eutectic Si &α-Al phase at 700°C 
(a)  X700, (b) X2200, SEM Micrograph of the micro structure of (A356/3% 
ZrO2) semi solid treated at 610°C, non-homogenous distribution of the 
particles and clustering and agglomeration ZrO2 particles within the matrix 
alloy at (c) X7000, (d) X8000 magnification. 

 

 

 

 

Fig .4 Microstructure of the monolithic cast specimen (a) non heat-treated A356 (b) 
T6 heat- treated A356 aged at (170°C for 4 hrs.). Magnification at X200. 

 

lamellar eutectic  of Si 
particles size 
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Fine Spheriodized Si 
particles  
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Fig .5 Microstructure of 3%ZrO2 specimen (a) non heat-treated A356, (b) T6 heat-
treated A356 aged at (170°C for 4 hrs.). Magnification at X100. 

 

 

 

 
 Fig. 6 Microstructure of specimen (a) non heat-treated A356 alloy (a), and of 

3%ZrO2 aged at (170°C for 2hrs)( b),  aged at (170°C for  4hrs) ( c),  aged at 
(170°C for 6hrs) (d). Magnification atX200. 

 
 

lamellar eutectic of Si 
particles size 
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Fine spheriodized Si 
particles 

lamellar eutectic  of Si 
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particles Over Ageing 
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Table2. Effect hardness (HRB) after Heat Treatment (T6) on Age  
Hardening of A356 Alloy 

 

 

Temperature 

Aging(°C) 

Condition 

As casted 
As 3%ZrO2 nano 

particles 

Time Aging(hr.) Time Aging(hr.) 

2hr. 4hr. 6hr. 2hr. 4hr. 6hr. 

170°C 35 52 48 62 70 55 

180°C 29 44 40 59 62 45 

 

 
 

Fig. 7 Effect of hardness (HRB) after (T6 heat treatment) aging at (170°C&180°C) 
ofcast A356 & A356/3%ZrO2, aging time (2hr, 4hr&6hrs). 

 

Table 3. Mechanical properties of A356.0 before & after treatment.  
 

Condition UTS(MPa) %Elongation Hardness(HRB) 

    As cast before 
 (T6) 

119 4.5 23 

    As 3%ZrO2 before 
(T6) 

165 4.7 60 

    As cast after 
             (T6) 

167 4.9 52 

  As 3%ZrO2 after 
(T6) 

198 6.4 70 
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180° As casted 29 44 40
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180°C As 3% ZrO2 59 62 45
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Fig 8. Change in UTS with nanoparticles addition before and after T6 heat treatment. 

 

 
 

Fig.9 Change in elongation% with nano particles addition before and after T6 heat 
Treatment. 

 

 
 

Fig.10 Change in Hardness with nanoparticles addition before and after T6 heat 
treatment. 
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