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Abstract 

 In this research study aluminum powder was mixed with zirconia nano-powder in planetary mill for uniform 

mixing.Then the mixed powders were compacted. Subsequently the compacted discs were sintered both in the 

conventional furnace, and in the microwave oven.Mechanical behavior was assessed in terms of micro-hardness and 

compressive properties. Microstructures were observed by SEM. X-ray diffraction was employed to identify various 

phases if present in the Al-ZrO2nano-composites.The optimum time of microwave sintering has been determined. 
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1. Introduction 

Metal Matrix Composites (MMCS) reinforced with 

various hard ceramic particles, (Such as SiC, Al2O3 

,…) have emerged extensive development in the last 

decades , because of their improved specific properties 

, their potential application in the aerospace , 

automotive, army equipment , electronic industry , 

nuclear and other industries , seems encouraging. For 

example , the use of Al-SiC MMCs, in the production 

of a wide range of artifacts which extend across 

internal combustion engines , connecting rods , bicycle 

frames and wheels, control arms, cylinder liners, tennis 

rackets, rocket motor components, diesel engine 

pistons (composite material inserts) and structural 

materials for space platform show much promise]1[. 

In this paper, it is reported about NMMCs in which the 

matrix is an aluminum powder and the reinforcement is 

ZrO2. In this new class of composite material, the 

desirable properties of Al: low density, good 

workability, corrosion resistance, electrical and thermal 

conductivity, are combined with the benefit of high 

hardness (1200HV) and modulus (190GPa) of ZrO2]2[, 

so properties such as light weight, high strength, wear 

and corrosion resistance could be obtained. A 

corresponding decrease in internal mass ensures 

substantial fuel economy and allows the development 

of new engines with improved weight characteristics, 

and the use of increased temperature in combustion 

chamber ( which increases efficiency) and improves its 

ecological characteristics ) ]1-3[. 

Various techniques are employed in the fabrication of 

NMMCS, which can be broadly classified into two 

major groups, namely liquid metallurgy (LM) and 

powder metallurgy (PM). LM route is one of the 

many production processes under investigation for 

the manufacture of Al –ZrO2 NMMCs. Liquid phase 

methods are good for fabricating various NMMCS. 

The main argument against them is usually the claim 

of high reactivity of melt / filler systems [1-3]. 

Powder metallurgy (PM) is one of the near net shape 

processing methods commonly used for fabricating 

engineering components based on metal-based 

materials. The PM method usually involves mixing 

of powders, compaction and solid-state sintering 

followed by secondary consolidation process such as 

extrusion.Sintering can be done in a number of ways 

using radiant, plasma, induction and microwave 

heating sources [3-5]. 

 Several methods have been used to synthesize 

NMMCs based on a variety of materials. Among the 

others are: Synthesis of Al-ZrO2 NMMCs by 

infiltration of Zr-chelates into an Al matrix by 

Salvador Jimenez-Garcia, Carlos S. Lopez-Cajun, R. 

Fuentes, V. M. Castano in 2003 [6], Disintegrated 

Melt Deposition (DMD) technique by Joel Hemanth 

in 2008 [7], infiltration through an ammonium 

zirconium carbonate solution by R. Fuentes-Ramirez, 

A. Perez-Gonzalez, V. M. Castano Meneses in 2010 

[8], and Al-ZrO2 composites produced by vortex and 

squeeze casting By M.T. Abou El-Khair, A. Abdel 

Aal in 2007[9]. Microwave sintering is a novel 

sintering process that is fundamentally different from 

the conventional sintering process. In conventional 

sintering, driving force, forthe sintering is 

temperature, which is generated by external heating 

elements (in resistance heating) as then is transferred 

to the samples via radiation, conduction or 

convection. In microwave sintering process, the 

processing materials themselves absorb microwave 

and then generate energy to heat the sample, and 

hence the heating rate is very rapid. The microwave 

processing of materials has major advantages of 

higher energy efficiency, enhanced reaction and 

sintering rate, decrease of sintering time and cost 

savings [10-15]. 

2. Experimental 

In this study, aluminum powder with 99.99% purity 

was used as the base material (Powder Metallurgy 

Complex IRAN), with grain size of 44μm.The purity 

level of zirconia powders (nano pars lima co, Iran) 

was found to be +99%. Grain size of zirconia 

powders was reported to be 20-40 nm. Aluminum 



powder was mixed with zirconia powder in planetary 

mill (Sharifi co, Iran). In order to obtain the 

propermixing, rotational speed was controlled 

to250rpm.The mixed powders were compacted in a 

hydraulic press at a pressure of 300MPa to obtain 

disc shaped specimens having 12mm diameter and 

20mm height.The compacted discs were sintered both 

in the conventional muffle furnace (at 625˚C) and in 

microwave oven, as discs were heated to 600-625˚C 

(900W, 2.45 GHz LG microwave oven), for 5, 

10,15,20 and 25 minutes.The bulk density of the 

sintered specimens was measured using Archimedes’ 

method.Micro-hardness measurements were 

performed on the polished samples using a HVS-

1000A automatic digital micro-hardness tester under 

a test load of 25 g and a dwell time of 10 sec in 

accordance with the ASTM standard E384–99. 

Microstructures of polished and chemically etched 

samples were observed by the scanning electron 

microscope (SEM) (XL30Philips, Netherlands). X-

ray diffraction (XRD, Siesert) with Cu target (K= 

0.154 nm) was employed to identify the various 

phases if present in the samples. 

3. Results and discussion 

Variation of the density after sintering has been 

evaluated as a function of sintering time. This 

evolution was displayed in Figure 1. It can be seen 

from this Figure that, the density increased with 

increasing of time. These values should be optimized 

with other properties such hardness and compressive 

properties .Figures 2 and 3 displayevolution of the 

hardness and compressive strengthvalues of the 

samples as a function of sintering time.The results 

obtained in this stage of thepresent research project 

show that the optimum value of the time in 

microwave sintering  isabout 15 minute. The longer 

times of sintering i.e.above 25 minutes led to 

deformation of samples in microwave oven. 

 

a)  

b)  

Figure 1.Density as a function of sintering time: a) Microwave oven, b) conventional furnace 
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a)  

b)  

Figure 2.Hardness as a function of sintering time: a) Microwave oven, b) conventional furnace 

a)  

b)  

Figure 3.Compressive strength as a function of sintering time in: a) Microwave oven, b) conventional furnace 
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a) b)  

c) d)  

Figure 4. SEM Micrograph of Aluminum – Zirconia NMMCs produced by microwave sintering at: a) 5 min, b) 10 min, c) 15 min 

and d) conventional sintering method at 45 min 

 

Figure 5.XRD pattern of the Al-ZrO2NMMCs using ZrO2. 
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As shown in Figure 4, it is noted that the 

reinforcements of the composites are composed of 

micro-scaled blocks and sub-micron scaled particles. 

Microwave sintering increases mechanical properties 

(Figures 2 and 3) as time sintering increased which 

might be related to the presence of Al3Zr phase. 

Based on the thermodynamics, the standard Gibbs 

free energy variation    
 can be expressed as: 

   
       

        
    (1) 

The possible reactionin Al–ZrO2 system can be 

described as: 

4Al + 3ZrO2 → 2α-Al2O3 + 3[Zr]  (2) 

xAl + y[Zr] → AlxZry   (3) 

By the Al–Zr binary phase diagram, it is suggested 

that when mass fraction of Al is more than 47 

mass%, which means the Zr is less than 53 mass%, 

AlxZry will exist in the form of Al3Zr. The amount of 

the Zr content will increase with increasing the 

reinforcement volume fraction of the AMMCs. 

However, even if the reinforcement volume fraction 

is 100 vol. % (i.e., no Al in the final products), the 

mass fraction of the Zr atom is only 52.9%, still less 

than 53%. Therefore, the form of the AlxZry in the 

composites should be Al3Zr and the Eq. (3) can be 

simplified as: 

3Al + [Zr] → Al3Zr   (4) 

According to the thermodynamics data [16,17], the 

relationship between the standard Gibbs free energy 

variation of the Al, ZrO2, α- Al2O3, Zr and Al3Zr with 

temperature can be shown as the following: 

          
                     (5) 

      
                     (6) 

       
                   (7) 

    
                  (8)  

    
                  (9) 

Accordingly, the variation of the standard Gibbs free 

energy ofEq. (2) can be expressed by 

   
       

            
       

         
  

                                           (10) 

Let   
   , i.e., -176,603 + 54.63T = 0, and the T = 

2960˚C. In fact,all the temperatures during the 

combustion in the present investigation are less than 

2960˚C. Therefore, the   
   , it is shown that the 

reaction (2) can take place spontaneously. Since the 

standard Gibbs free energy variation of Al2O3 is 

much lower than that of the Al3Zr. It is concluded 

that the formation priority and stability of the Al2O3 

will be much higher than the Al3Zr phase. Therefore, 

the total reaction equation of the Al–ZrO2 system can 

be expressed as: 

13Al + 3ZrO2 → 2α-Al2O3 + 3Al3Zr (11) 

Based on the above discussion, the whole reaction 

process can be described as the following: at around 

667˚C, Al will melt and the liquid–solid interfaces of 

the Al–ZrO2 can form. With increased time of 

sintering, Al will react with ZrO2 to produce the 

Al2O3 and active Zr atoms. The Al2O3 and active Zr 

atoms will diffuse into the matrix due to their high 

concentration and high temperature, resulted from the 

reaction heat. Although the Al2O3 particles have a 

poor wettability with Al, they can be distributed 

uniformly in the matrix due to the high temperature. 

At the same time, active Zr atoms may react with Al 

to form Al3Zr.The XRD pattern in Figure 5 shows 

that the phases present in samples composed of Al, α-

Al2O3,ZrO2 and Al3Zr. The Al3Zr grows up in the 

shape of blocks and distributes uniformly in the 

matrix.Therefore it seem that the strength of the 

composites is controlled by the amount of Al3Zr as 

well as ZrO2.  

4. Conclusions 

From microwave sintering of Al-ZrO2 NMMCs, the 

following results can be concluded: 

1- In compare with conventional sintering in 

furnace, microwave sintering method led to 

higher density, hardness and compressive 

strength. 

2- The results obtained in this present research 

project show that the optimum value of the 

time in microwave sintering is 15 min. 



The higher hardness and compressive strength of Al-

ZrO2 NMMCs is related to the amount of Al3Zr 

phase as well as ZrO2 phase, which has been 

detected by XRD analysis.  
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