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Abstract: Al2O3/Ag composite ceramics were fabricated by the use of mechanical milling and pressureless sintering. 

Al2O3 + 10 wt.% Ag were mixed and milled during 12 h at 300 rpm in a horizontal mill, then with the powder mixture it 

was conformed cylindrical samples by uniaxial pressing using 300 MPa. The pressed samples were sintered during 1 h in 

an electrical furnace at 1300, 1400 and 1500°C respectively. Sinter was performed using an argon atmosphere inside the 

furnace in order to inhibit silver oxidation. XRD results established that silver retains its crystalline structure. On the other 

hand, density of samples is better with increments in temperature. However, the final relative density is small and about of 

91%. Scanning electron microscopy observations show alumina’s microstructure with very fine and homogeneous 

distributions of silver particles. Increments in sintering temperature are reflected as enhancements of the density and 

consequently of the fracture toughness of the Al2O3/Ag composite ceramics. 

Keywords: Al2O3/Ag Composites, Fracture Toughness, Pressureless Sintering, Metallic Reinforcement 

 

1. Introduction

Alumina (Al2O3) ceramic presents good mechanical 

properties such as: high hardness, high compressive strength, 

good chemical and thermal stability. However, its 

applications as structural material have been limited 

principally by its low fracture toughness. Al2O3 ceramics can 

be toughened with the incorporation of fine metallic 

particles [1], for this reason it has been prepared successfully 

some Al2O3-systems by different techniques such as: 

pressure-assisted thermal explosion [2], slip casting [3], 

metal infiltration [4-6], sintering high pressing [7], Chemical 

deposition [8], self-propagation high temperature synthesis 

[9] and reaction synthesized [10]. Nevertheless, most of 

these processes are costly and they are very complex in their 

procedures and control. From these studies authors have 

been documented that fracture toughness of a ceramic-metal 

composite can be controlled by the volume fraction of 

metallic phase as well as the size of metal particles and its 

homogeneous distribution in the ceramic matrix. With these 

considerations in mind, simple and cheaper processes were 

developed for the production of ceramic-metal composites 

[11]. High-energy ball milling combined with pressureless 

sintering can be a substitute low-cost method for the 

production of ceramic-metal composite. The use of silver, 

that certainly is an expensive metal, is explained by the fact 

of the big ductility that possesses this metal, being this 

property an important consideration that several authors 

[12-16] have suggested as a characteristic significant than 

has to has a reinforced material of ceramics. For that, it has 

been propose that one of the main reinforced mechanisms of 

ceramics by metals is the crack bridging due to ductile 

metallic ligaments. At this date, there is not knowing of 

studies over reinforced of ceramics by silver.  

The aim of this study is to synthesize Al2O3-based 

composites reinforced with 10 wt.% silver using powder 

techniques in order to determine the effect of silver on the 

fracture toughness of the alumina-matrix. 
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2. Experimental 

Starting materials were: Al2O3 powder (99.9 %, 1 µm, 

Sigma, USA) and silver powder (99.9 %, 1-2 µm, Aldrich, 

USA). Final silver content in the produced composites was 

10 wt.%. Powder blends of 20 g were prepared in a ball mill 

with ZrO2 media, the rotation speed of the mill was of 300 

rpm, and studied milling time was 12 h. With the milled 

powder mixture, green cylindrical compacts 2 cm diameter 

and 0.2 cm thickness were fabricated by uniaxial pressing, 

using 300 MPa pressure. Then pressureless sinter in an 

electrical furnace was performed under 10 cm
3
/min argon 

flux, at three different temperatures (1300, 1400 and 

1500 °C) during 1 h. The microstructure was observed by 

scanning electron microscopy (SEM) equipped with an 

analyzer by energy dispersive spectroscopy (EDS). Fracture 

toughness was estimated by the fracture indentation method 

[17], (in all cases twelve independent measurements per 

value were carrying out).  

3. Results and Discussion 

3.1. Density 

Results of the density measurements in different samples 

are shown in Fig.1. As shown in this figure, is clear the 

tendency to density of the material, in the way that the 

sintered temperature is higher. This is because at higher 

temperatures the binding of the particles and the consequent 

closing of pores is provided by the migration of atoms due to 

the high activation energy reached at these temperatures. 

Shrinkage of different samples determined by direct 

measurements of the same before and after sintering was: 6, 

12 and 19.34 % for sintered samples at 1300, 1400 y 1500°C 

respectively. What helps corroborate the reason because 

densification is increased at elevated temperatures. 

 

Figure 1. Sample’s density as a function of sintered temperature. 

3.2. X-Ray Diffraction  

X-ray diffraction patterns of the powder mixture after 

grinding and sample sintered at 1500°C during 1 hour are 

shown in Fig. 2. In the corresponding spectrum to the 

mixture of powders, it is revealed the presence of the two 

original components of the mixture; alumina and silver; in 

this same pattern it is not observed the presence of any 

diffraction peak that would designate the presence of any 

other compound which indicated contamination of the 

sample during the milling step. Regarding the pattern 

corresponding to the sample sintered, they have clearly 

defined the diffraction peaks of α-alumina phase and 

metallic silver. Comparing both diffraction patterns of fig. 2,  

is that the main diffraction peak of the silver that is the one 

located at 37.4° two theta degrees, slightly reduced in 

intensity after the sample was sintered, thinking allowing 

some oxidation of the silver. However, in the diffraction 

pattern of the sintered sample it is not showing any 

diffraction peak indicating the presence of a silver oxide, so 

it is discarded the oxidation of the silver during the sintered 

step. 

 

Figure 2. X-ray diffraction patterns of powders mixture after milling and 

sintered sample at 1500°C, during 1h. 

3.3. Microstructure 

Typical microstructures of the sintered samples at 1300, 

1400 y 1500°C are presented in Fig. 3. As can be seen in 

these figures, is that with increments of the sintered 

temperature, samples tend to densify, because there is a 

decrease in the size and number of pores in these. This 

situation confirms the results of the density measurements 

made by the Archimedes method. Another important 

observation is that in all cases they have homogeneous 

microstructures, predominantly with equiaxed grains, but 

equally there are some deformed grains. The grain size 

increases in agreement with the increment of temperature. 

All these grains are spoken correspond to the ceramic phase 

of the composite material, it means is the alumina matrix. 

The silver particles are the very fine and bright dots 

observed in intergranular regions of the matrix. To confirm 

the presence of silver in these microstructures, energy 

dispersive spectroscopy (EDS) analyzes were performed on 

clear particles of the samples, A typical EDS spectrum is 

showing in fig. 3. In this spectrum it is observed that the 

principal component where the analyses were performed is 

silver. 
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Figure 3. Microstructure of samples sintered at 1300, 1400 and 1500°C. 

Typical EDS spectrum of analysis performed in white dots of different 

samples. 

3.4. Mechanical Properties 

The results of the measurement of microhardness and 

fracture toughness performed in the samples sintered during 

1 h at different temperatures are presented in Fig. 4. In both 

curves it is observed that mutually the microhardness and 

fracture toughness of alumina-silver composite are 

improved as the sintered temperature increases, this is a 

consequence of have a good densified body. The 

microhardness value reported in the literature [18] for pure 

alumina is 1175 HV, value significantly higher than that 

achieved by the compounds manufactured here, this 

difference is due to the lower degree of densification 

achieved in our composites. With respect to the fracture 

toughness the value reported in the literature for alumina is 

3.2 MPa·m
1/2

 [13], while the value of this same property 

obtained by composites made here, has achieved in the best 

case 4.3 MPa·m
1/2

, equivalent value to a 34% higher. This 

improvement in fracture toughness is attributable to the 

incorporation into the ceramic matrix of a metal with high 

ductility such as silver. Several authors [1, 11, 13] have 

commented that the toughening mechanism in Al2O3/metals 

composites is due to plastic deformation of the metallic 

phase, which forms crack-bridging ligaments. Thus it is 

illustrated the significant effect on the fracture toughness of 

alumina the incorporation therein of small amounts of a 

ductile metal as silver. However, it is important to consider 

that this improvement of the fracture toughness can be 

enhanced even if bodies can be manufactured with higher 

densifications. On the other hand, it would be interesting to 

conduct a study varying silver content in the matrix, as it is 

very likely get very different behaviors with other silver 

contents. 

 

Figure 4. Microhardness and fracture toughness of samples sintered as a 

function of sintered temperature. 

4. Conclusions 

� Al2O3-based composites can effectively be produced 

by inducing fine dispersions of silver particles, through 

a combination of experimental techniques, such as; 

mechanical milling and pressureless sintering (in an 

argon-atmosphere).  

� The refined and homogeneous incorporation of silver 

in a ceramic matrix (Al2O3) improves its fracture 

toughness. Alternatively, increments in sintering 

temperature are reflected as enhancements of the 

density and consequently of the fracture toughness of 

the same one. 

� From the fracture toughness measurements and 

microstructure observations, it can be commented that 

the toughening mechanism in Al2O3/Ag composites is 

due to plastic deformation of the metallic phase, which 

forms crack-bridging ligaments.  
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