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Abstract 

Microwave sintering has emerged in recent years as a novel method for sintering a 

variety of materials that have shown significant advantages against conventional 

sintering procedures. This work involved an investigation of microwave hybrid fast 

firing of alumina-zirconia nanocomposites using commercial alumina powder and 

monoclinic nanometric zirconia. The suspensions were prepared separately in order to 

obtain 5, 10 and 15 vol.% of ZrO2 in the alumina matrix. The samples were sintered in a 
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monomode microwave furnace at 2.45 GHz in air at different temperatures in the range 

1200-1400 ºC with 10 min of dwelling time and 200 ºC/min of heating rate. The effect 

of sintering temperature in densification, mechanical properties and microstructure 

behaviour of the composites was investigated.  

Higher density, hardness and Young’s modulus, excellent fracture toughness properties 

and homogeneous microstructure were achieved by microwave sintering in comparison 

to conventional heating. Microstructure analysis showed that the alumina grains had not 

grown significantly, indicating that the zirconia particles provided a hindering effect on 

the grain growth of alumina. 

 

Keywords: Alumina-zirconia nanocomposites; Microwave sintering; Mechanical 

properties; Microstructure 

 

1. Introduction 

Alumina-zirconia nanocomposites are considered among advanced ceramics due to their 

superior mechanical properties and chemical inertness, and they have been used for 

wide range of applications such as biomedical implants [1,2] and structural ceramics 

[3,4]. One of the main reasons for improving mechanical behavior is the ability of 

transformation toughening which usually is induced by applied stresses to the 

composite structure [5,6]. 

 

Recent studies suggest that mechanical properties of Al2O3-ZrO2 composites could be 

considerable increased by reducing level of grain size and increasing dispersion. Al2O3-

ZrO2 composites with high transformation toughening can be obtained if a amount of 

tetragonal phase with the ability to transform under applied stress is retained at room 
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temperature [7,8]. To meet this requirement, the size of zirconia grain must be smaller 

than a critical size (0.7 μm) to ensure the stability of tetragonal phase at room 

temperature [9-11]. A fine-grained Al2O3 matrix also results in enhanced mechanical 

properties. Furthermore, it is suggested that a smaller matrix size (grain at submicron 

level or nanoscale) will result in a higher improvement in mechanical properties. 

Therefore, dense fine-grained and full-dense Al2O3-ZrO2 composites are desirable to be 

achieved [10-12]. Unfortunately, it is difficult to obtain Al2O3-ZrO2 composites with 

high density and smaller grain size with conventional techniques. This is mainly due to 

the inevitable grain growth during the sintering process. In addition, the low heating rate 

used in conventional sintering processes requires a long heating step from room 

temperature to the target sintering temperature, which results in the coarsening of the 

nanoparticles [13]. To minimize grain growth and to enhance mechanical properties, 

microwave sintering has been proposed. This fast sintering technique is regarded as a 

promising method to inhibit grain growth because of short sintering duration [14-18]. 

The significant difference between conventional sintering and microwave fast sintering 

is the heating rate and the heating mode. Microwave sintering method is a fastest 

consolidation technique with a low energetic cost [15,17]. The heating mode is a 

parameter that strongly influences the final density and microstructure of the materials 

obtained from nanometric powders. It is suggested that the combination of a fast heating 

rate and a non-conventional heating is a promising mean to obtain full-density materials 

[19]. 

 

This work shows the design of a rectangular cavity, based on the TE101 mode, including 

a control system to follow a temperature profile to obtain Al2O3-ZrO2 nanocomposites. 

Therefore, this work studies, on one hand, the general effect of microwave heating on 
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the sintering procedure of Al2O3-ZrO2 nanocomposites and, on the other hand, reveals 

the major contribution of high heating rates on the microstructural improvement and the 

mechanical properties of microwave-sintered samples. A comparison between the 

conventional sintering is also represented within the results. 

 

2. Methods And Materials  

A. Microwave cavity 

Fig 1 shows the system designed to sinter the materials. From right to left are displayed: 

the 1 kW magnetron, including the feeding system, the circulator to prevent the power 

source from reflected power (including a coupling system to measure the reflected 

power with the multimeter), the TE101 cavity, which will be described in detail in the 

next paragraphs, and a motorized short-circuit to tune the cavity and connected to a 

laptop to allow an automatic tuning system. The rectangular cavity excites the TE101 

mode, based on a WR340 waveguide and excited through a circular iris to maximize the 

Hx magnetic component of the TE101 mode. 

 

The sample is introduced in the cavity through an insertion hole located approximately 

in the center of the cavity (the cavity dimensions can vary with the motorized 

shortcicuit) and on the top of it. The insertion hole has a diameter of 3 cm to guarantee 

that the insertion hole is under cut-off and no microwave energy leakage through it with 

the TE11 mode, which is the fundamental mode in the cylindrical waveguide. 

 

In the center of the cavity the excited mode has a maximum of Ey component, and a 

behavior of a sin(·)2 in the axial component and no variation in the vertical component, 
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which guarantees the homogeneity of the field in the sample, which is supposed to be 

about 1 cm of diameter as maximum. 

 

To locate the sample in the center, a quartz tube is used, which is transparent to the 

microwave energy. This could be also used for introducing different atmosphere (or 

even vacuum). To monitorize the temperature, a pyrometer is located on the top, as 

shown in Fig. 1. This allows to include a control system to automatize the heating 

process, based on a PID system. 

 

A close scheme of the cavity is shown in the Fig. 1 (right), where the position of the 

sample is shown and also the sliding short circuit that changes the resonant frequency of 

the cavity and is controlled by the PID to guarantee the tuning of the cavity. 

 

B. Experimental procedure 

Raw materials used for the preparation of the nanocomposites were commercial alumina 

AKP-53 provided by Sumitomo Co., Japan (purity 99.99%, with mean particle diameter 

of 200 nm and 3.95 g·cm-3 density), and nanometric zirconia (purity 99.99%, monoclinic, 

primary sized particles from 60-100 nm and 5.98 g·cm-3 density) provided by 

Nanostructured Materials, Inc. The procedure of dispersing the zirconia powder in the 

Al2O3 powder involves the preparation 5, 10 and 15 vol.% of ZrO2 suspension through 

traditional milling (A5Z, A10Z and A15Z, respectively). Cylindrical specimens with 10 

mm diameter and about 5 mm height were prepared, by cold isostatic pressing (200 

MPa). 

 

Green samples were sintered under air by microwave technology at 1200, 1300 and 1400 
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ºC using the heating rate of 200 ºC/min with 10-min of holding time at the maximum 

temperature. SiC was selected as a microwave susceptor to assist heating and sintering of 

the green samples. The temperature of the sample was monitored by an infrared radiation 

thermometer (Optris CT-Laser LT, 8-14 um), which is focused on the test sample via the 

small circular aperture in the wall of the test cell. For comparison, the same green 

compacts were conventionally sintered at 1400 ºC using the heating rate of 10 ºC/min 

with 2 h of holding time at the maximum temperature.  

 

The bulk density of the sintered samples was measured following Archimedes’ principle 

by immersing the sample into water based liquid (ASTM C373-88).  

 

Vickers hardness and fracture toughness assessments were carried out using the 

indentation method. Sintered samples were longitudinally cut in half cylinders with a 

diamond saw. Before the test samples were polished (Struers, model RotoPol-31) with 

diamond to 1 �m roughness. The hardness of the materials was determined using the 

indentation technique (Buehler, model Micromet 5103) with a conventional diamond 

pyramid indenter. The diagonals of each indentation were measured using an optical 

microscope. Measuring conditions for the Vickers hardness, Hv, were an applied load of 

5 N for 10 s and the standard specification ASTM E92-72. The value of Hv is the 

relationship between applied load P and the surface area of the diagonals of indentation 

[20]. To estimate the indentation fracture toughness KIC, 306 N, Vickers indentations 

were performed on the surface of the samples, inducing Palmqvist cracks, from which 

the indentation fracture toughness was obtained by the method of Niihara [21]. 
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Young’s modulus of samples was obtained by nanoindentation technique (Model G200, 

MTS Company, USA) with a Berkovich diamond tip. The tests were performed under 

depth control with 2000 nm of maximum depth. Data were evaluated from the load-

displacement nanoindentation data using the widely accepted Oliver and Pharr model 

[22]. 

 

In order to analyse sample microstructure, polished sections were thermally etched 

between 10 min in an electrical furnace under air 200 ºC below their maximum 

sintering temperature. These sections have been observed using a field emission 

scanning electron microscope (FEG-SEM, S4800 HITACHI, SCSIE of the University 

of Valencia). The grain size of the sintered samples was determined by multiplying the 

average linear intercept by 1.56 [23]. For each specimen, at least 15 lines were taken, 

and their average was reported. 

 

3. Results And Discussion 

3.1. Final density and microstructure 

The final relative density values of the Al2O3 - 5, 10 and 15 vol.% ZrO2 (A5Z, A10Z 

and A15Z, respectively) composites sintered by the microwave (MW) process are 

presented in Figure 2, as a function of their maximum sintering temperature. 

 

The relative density values of the A5Z, A10Z and A15Z composites obtained by 

conventional sintering (CS) at 1400 ºC is 97.2%, 97.5% and 97.8%, respectively. 

As seen in Fig. 2, the relative density was a linear function of the sintering temperature 

as expected. The relative densities increased steadily from 89 to 99% with increasing 

sintering temperature. 
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Concerning the results of microwave sintering, the first significant outcome of Fig. 2 is 

that the density values of a microwave-sintered material are higher than the density of a 

material conventionally sintered at the same temperature. 

 

At low temperatures (1200 and 1300 ºC) the final density of the microwave-sintered 

composites depends on the percentage of the zirconia material, as increasing the amount 

of ZrO2 from 5 to 15 vol.%, the relative density values obtained are higher. This is due 

to the fact that zirconia powders sinter at lower temperatures in relation to alumina 

powders [24]. 

It is important to note that there is a faster increase of densification for the samples with 

a lower ZrO2 content (5 and 10 vol.%), when the temperatures increase from 1300 to 

1400 ºC (6% and 4%, respectively). It can be seen that all samples sintered by MW at 

1400 ºC show very similar densities (>99%), regardless of the zirconia percentage. At 

this temperature the composites achieve the maximum density values due to the fact that 

all grains are close to their maximum compaction.  

This is similar to the results of the Al2O3-ZrO2 composites studied by Ye, Meng and 

Yang et al. [12,25,26]. In the results obtained by Ye et al. [12], ZrO2 nanoparticles 

could be uniformly dispersed in Al2O3 matrix when its percentage was less than 20 

wt.%, as the homogeneous dispersion of ZrO2 nanoparticles could effectively restrain 

the abnormal growth of Al2O3 grains, and therefore, ZrO2 nanoparticles can accelerate 

densification of samples under this circumstance. However, when its percentage was 

over 20 wt.%, ZrO2 nanoparticles could not be uniformly dispersed in Al2O3 matrix. 

The inhomogeneous dispersion of ZrO2 nanoparticles in Al2O3 matrix could form large 

pores and a higher temperature is necessary to eliminate the pores and form dense 
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bodies, which could cause the abnormal growth of Al2O3 grains and lead to expansion 

until cracking, causing a decrease in the relative densities, strength and fracture 

toughness of samples. 

Menezes et al. [27] also studied the effects of the contents of 1, 3 and 5 vol.% of ZrO2 

on the sintering densification and microstructure of the Al2O3-ZrO2 by a microwave 

hybrid process. The samples containing 5 vol.% of zirconia presented low density 

(97.5%) after 30 min of heating, but their density increased significantly with sintering 

time, reaching a high density level after 35 min of heating (99.0%). 

At the same time, spark plasma sintering process (SPS) is shown to be a highly efficient 

technique for densification of fine-grained Al2O3-ZrO2 composites at temperatures 100-

200 ºC lower than that needed by conventional sintering. This reduction in sintering 

temperature is attributed to the high pressure used (100 MPa) and the efficient heat 

transfer from spark discharge between the particles [13]. But this method has a big 

problem with the sintering of zirconia materials compared with microwave processing 

due to carbon diffusion within the zirconia sample by SPS, which is linked to the carbon 

rich atmosphere in which it is performed [15]. As the sintering of the compact is taking 

place in a graphite die, the carbon diffuses into the sample from the die and this process 

is affected by the applied pressure. The sample sintered by SPS shows a full black 

colour. Eliminating this contamination is possible, but this would require high 

temperatures (>800 ºC) and a long time inside a furnace (>2 h), resulting in high 

economic costs. 

 

The FE-SEM micrographs of the alumina-zirconia ceramics prepared by microwave and 

conventional sintering are shown in Fig. 3 and 4, respectively. There is obvious 



 10

microstructure difference for the alumina-zirconia ceramics prepared by microwave and 

pressure-less or conventional sintering. 

Fig. 3 shows the fully dense microstructure of microwave sintered samples and the 

smaller zirconia grains homogeneously dispersed in alumina matrix. This result is in 

agreement with the relative density data given in Fig. 2. During sintering, finely 

dispersed zirconia particles delay the motion of alumina grain boundaries, which inhibit 

the grain growth of alumina [28]. 

As shown in Fig. 3, all sintered samples have a similar grain size. Small differences in 

MW process samples are shown as ZrO2 content increase. The average grain size of 

Al2O3 and ZrO2 in the specimen sintered at 1400 ºC with 5 and 10 vol.% ZrO2 reaches 

about 420 and 125 nm, respectively (Fig. 3a and 3b). While samples sintered at 1400 ºC 

with 15 vol.% ZrO2 yield a grain size of 575 and 146 nm, respectively (Fig. 3c). The 

final grain size of Al2O3 is smaller when the ZrO2 content is lower (5 and 10 vol.%). A 

limited amount of zirconia grains were located at the boundaries of alumina grains, and 

most of them are present at triple junctions, resulting in an intergranular type 

nanocomposite.  

 

The evolution of average grain size of the conventionally sintered specimens is similar 

to the microwave samples (Fig. 4). Therefore, the main parameter governing grain 

growth is the ZrO2 content. With a lower content of ZrO2 (A5Z and A10Z), the average 

grain size of Al2O3 and ZrO2 reaches about 570 and 160 nm, respectively (Fig. 4a and 

4b). But in the A15Z sample, the average grain size of Al2O3 and ZrO2 reaches about 

928 and 196 nm, respectively (Fig. 4c). Therefore, this data show larger grain sizes in 

samples sintered by conventional process with high ZrO2 content, this behaviour 

suggesting that the microwaves had direct effect on cation segregation at the grain 
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boundaries during the phase partitioning process, which is known to be responsible for 

the sluggish grain growth during the final stage of sintering [29]. 

 

3.2. Hardness and fracture toughness 

Vickers hardness, fracture toughness and Young’s modulus of microwave fabricated 

Al2O3-ZrO2 materials are presented in Fig. 5, 6 and 7, respectively, as a function of final 

sintering temperature.  

 

The Vickers hardness values of the A5Z, A10Z and A15Z composites obtained by 

conventional sintering (CS) at 1400 ºC are 16.4, 17.1 and 16.5 GPa, respectively. As 

can be seen in Fig. 5, the measurements show that the hardness values increase with the 

density data and also, increase slightly with decreasing ZrO2 content. 

 

Previous studies [30] have reported Vickers microhardness of sintered 

ZrO2(3Y)+20wt.% Al2O3 with micrometer grain size (20 �m). These full-dense 

specimens sintered by SPS presented a hardness value of 12.6 GPa at 1400 ºC. Usually, 

the Vickers microhardness of the Al2O3-ZrO2 ceramics with micro-nano structure is 14-

15 GPa [31]. Meng et at. [24] found Vickers microhardness value of 19.5 GPa with 10 

wt.% of ZrO2 material sintered by SPS at 1400 ºC, whereas in our present work, at same 

temperature, the A10Z sample with submicro-nanostructure has around 20 GPa of 

microhardness. This is mostly attributed to the submicro-nanostructure and high density 

of the A10Z sample. 

 

In the CS samples at 1400 ºC, the values are close to ~17 GPa and the samples by MW 

method with 5 and 15 vol.% of ZrO2 show values ~18 GPa. The maximum hardness 
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achieved is for the A10Z sample sintered by MW at 1400 ºC. Therefore, the highest 

level of hardness belonged to the specimens sintered by the MW method. This is due to 

the better and faster densification of the MW-sintered specimens and corresponding 

smaller grain sizes. The authors haven't found values of hardness and toughness of the 

Al2O3-ZrO2 composites sintered by microwave process reported in the literature so far.  

 

The fracture toughness values of the A5Z, A10Z and A15Z composites obtained by 

conventional sintering (CS) at 1400 ºC were 3.3, 5.5 and 5.8 MPa m1/2, respectively.  

Shen et al. have reported fracture toughness of pure alumina sintered by SPS with sub-

micron grain size with a value of 3.8 MPa m1/2 [32]. Therefore, it has been shown that 

the presence of zirconia particles results in an improved toughness compared with pure 

Al2O3. At the same time, the fracture toughness of the composites increased with 

increasing volume fraction of ZrO2. Similar results of fracture toughness were also 

observed in the ZrO2-Al2O3 composites with a fine-grained structure [10]. The 

composite (7.5 vol.% ZrO2) obtained by the colloidal processing with a fine structure 

attained a fracture toughness value of 5.3 MPa m1/2. Meng et al. found that the fracture 

toughness value of AZ5 and AZ10 obtained by SPS were 4.5 and 5.1 MPa m1/2, 

respectively [24]. The maximum fracture toughness value achieved in the present study 

was for the A15Z sample sintered by MW at 1400 ºC, ~6 MPa m1/2. Therefore, this is an 

excellent value compared with others ZrO2-Al2O3 composites obtained with non-

conventional sintering technique such as SPS. The toughness enhancement for all the 

composites investigated can be attributed to a transformation toughening effect and a 

high densification level achieved.  
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Young’s modulus (E) values of the A5Z, A10Z and A15Z composites obtained by 

conventional sintering (CS) at 1400 ºC are 352, 342 and 337 GPa, respectively. In all 

the cases, the samples obtained by microwaves sintering show higher Young’s modulus 

values than the CS samples (Fig.7). These values increase simultaneously with the 

sintering temperature as well as hardness values. High density result in high values of 

Young’s modulus, but this is not a linear relationship. Porosity, grain size, distribution 

of grains and pores are factors that also affect the values of E. The maximum E value 

achieved is with the A10Z sample sintered by MW at 1400 ºC (367 GPa). 

 

Therefore, microwave technology has been demonstrated a fast consolidation process 

with very low power consumption. The short heating-cooling time of MW (30 min) 

compared with the long processing time (~12 h) for CS, sets important advantages on 

the industrial application of this method as an advanced process for new technological 

challenges. 

 

To summarize, the mechanical properties and final microstructure of ZrO2-Al2O3 

ceramics were greatly dependent on the final temperature, ZrO2 content and sintering 

technique. Furthermore, the particle size and the distribution of the second phase also 

played an important role in influencing the densification behavior and the mechanical 

properties. It has been proven that it is possible to obtain ZrO2-Al2O3 composites with 

excellent mechanical properties using microwave method. 

Conclusions 

Sintering behaviour of Al2O3-ZrO2 nanopowder compacts is investigated in the present 

study using conventional and microwave-assisted sintering. This device included an 
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optical pyrometer with an emissivity perfectly calibrated for measuring the temperature 

of the top surface of the materials. Using this device we achieved a fine control of the 

heating rate, final temperature and holding time desired.  

Concerning microstructure changes, our results proved that the grain size was 

dependent on the maximum sintering temperature achieved and ZrO2 percentage. 

However, due to the positive effect of microwaves on the densification, the material 

showed a slightly smaller grain size when compared to the grain size achieved by 

conventional heating. 

 

Hardness, Young’s modulus and fracture strength values for Al2O3-ZrO2 materials 

obtained by microwave are being reported for the first time. Microwave sintered Al2O3-

ZrO2 materials exhibited superior mechanical property values when compared with 

conventional fired materials, as was expected from their higher densities. The excellent 

fracture toughness increase with ZrO2 content and the highest value is reached with the 

A15Z sample, 6 MPa m1/2. The sample with 10 vol.% ZrO2 content has the maximum 

hardness and Young’s modulus values (20 and 367 GPa, respectively). 
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Figure captions: 

Figure 1. Microwave system designed for sintering and scheme of the cavity. 

Figure 2. Density change as a function of microwave final sintering temperature. 

Figure 3. The FE-SEM micrographs of nearly full dense Al2O3-ZrO2 samples sintered 

by MW at 1400 ºC: A5Z (a), A10Z (b) and A15Z (c). 

Figure 4. The FE-SEM micrographs of nearly full dense Al2O3-ZrO2 samples sintered 

by CS at 1400 ºC: A5Z (a), A10Z (b) and A15Z (c). 

Figure 5. Influence of microwave sintering temperature on Vickers hardness of Al2O3-

ZrO2 materials with different ZrO2 contents. 
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Figure 6. Influence of microwave sintering temperature on fracture toughness of Al2O3-

ZrO2 materials with different ZrO2 contents. 

Figure 7. Influence of microwave sintering temperature on Young’s modulus of Al2O3-

ZrO2 materials with different ZrO2 contents. 
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