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Effect of SiC content on mechanical properties of ZrB2-SiC Nanocomposite
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Abstract: A ZrB2-SiC nanocomposite that introduced nano-sized SiC particle (SiCnp) into a ZrB2 matrix was fabricated by hot-pressing at 1900°C for 60min under a 30MPa uniaxed load. The composite microstructure showed intragranular microstructure that were peculiar to this material. Investigation of the mechanical properties revealed the highest flexural strength of 1009.1±43MPa and a fracture toughness of 6.8±0.2MPa•m1/2 for ZrB2-20vol.%SiC nanocomposite. These improved mechanical properties were strongly dependent on the number of intragranular particle.      
Key words: intragranular particle; mechanical properties; microstructure; nanocomposite.
0 Introduction
Ultrahigh-temperature ceramics (UHTCs), such as borides and carbides, were developed in the 1960s [1]. Among UHTCs, zirconium diboride (ZrB2) is a material of particular interest because of their excellent combinations of high melting point, low theoretical density, high electrical conductivity, good chemical inertness and superb wear resistance. These properties make it an attractive candidate for high-temperature applications such as refractory materials in foundries, electrical devices, nozzles and armour [2]. Moreover, ZrB2 could be used for super-high temperature structural applications in aerospace [3,4]. Its low mechanical properties, however, have long prevented this material from being used in wide application. Its susceptibility to brittle fracture can lead to unexpected catastrophic failure, therefore, its mechanical properties must be improved before the potential applications of ZrB2 can be fully realized. 

Introduction of a second phase of particles has been a successful strategy for improving the mechanical properties of monolithic diboride ceramics. With this aim, introduction of SiC particles [3-5] into ZrB2 yields a ZrB2-SiC composite ceramic that is far stronger than monolithic ZrB2. As a rule, however, improvement of mechanical properties is limited by the micro-sized particles of the second phase. 

The mechanical properties of ceramics can be significantly improved by introducing nanosized ceramic particles into the ceramic-matrix grains or grain boundaries. The most significant achievements with this approach have been reported by Niihara and Nakahira [6,7], who first revealed that an introduction of 5vol.% of nanosized SiC particles into Al2O3 increased the room-temperature strength of the composite from 350 MPa to ~1.0GPa (three-point flexure, 30mm span). Similar improvements in strength have since been achieved in Al2O3-Si3N4, MgO-SiC, Si3N4-SiC composite systems. Materials constructed by these types of approaches are termed nanocomposite ceramics.
At this point in time, however, there have been few attempts to creat nanocomposite ceramics out of ZrB2-SiC. Moreover, the effects of the composite microstructure on themechanical properties of ZrB2-SiC nanocomposite ceramics have never been documented. Therefore, the aim of present study was to investigate the microstructural features and effects on mechanical properties of a ZrB2-SiC nanocomposite ceramic.

1 Experimental procedure

The starting powders used in this study were: ZrB2 powder (Northwest Institute for Non-ferrous Metal Research, China), average particle size 1μm (>99%); and nanosized β-SiC powder (Kaier Nanotechnology Development Co., Ltd., China), average particle size 30nm (>98%). The nanosized SiC powder was first dispersed in ethanol, with 1h of ultrasonication. Then the powder mixture ZrB2 plus 10、20 and 30vol.% nanosized SiC particles, respectively, were ball-milled using ZrO2 ball media and ethanol at 180rpm for 12h. All ball-milling was performed in polyethylene bottles. After mixing, the resulting slurry was dried by rotary evaporation and then screened. The obtained powder mixtures were hot-pressed at 1900°C for 60min at a uniaxial pressure of 30MPa in Ar atmosphere.
The microstructure of hot-pressed specimens was observed by using scanning electron microscopy (SEM, FEI Sirion, Holland) and transmission electron microscopy (TEM, Hitachi H-9000, Japan) with a X-ray energy dispersive spectroscopy (EDS, EDAX Inc) analyzer attachment. Flexural strength (σ) was tested in three-point bending on 3mm × 4mm × 36mm bars, using a 30-mm span and a crosshead speed of 0.5mm/min. Each specimen was ground and polished with diamond slurries to a 1-μm finish. The edges of all the specimens were chamfered to minimize the effect of stress concentration resulting from machining flaws. Fracture toughness (KIC) was evaluated by a single-edge notched-beam test with a 16-mm span and a crosshead speed of 0.05mm/min using 2mm × 4mm × 22mm test bars on the same jig used for the flexural strength. All flexural bars were fabricated with the tensile surface perpendicular to the hot-pressing direction. A minimum of five specimens was tested in each experimental condition.
2 Results and discussion

Figure 1 shows the variations of grain size of ZrB2 matrix with SiCnp content. Here, ZrB2-SiC nanocomposites contain 0, 10, 20 and 30 vol.%, respectively. it is conformed that the addition of SiCnp remarkably inhibited grain growth of ZrB2 matrix. From Figure 1, it can be found that.the grain size of ZrB2 matrix decreases with increase in SiCnp content and consequently turns back. The minimum grain size of 1.8μm is obtained for the ZrB2-20vol.%SiC nanocomposite.
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Fig.1 Grain size of ZrB2 matrix as a function of SiCnp content

Figure 2 shows SEM photographs of representative microstructures for ZrB2-(0~30vol.%)SiC nanocomposites. As seen in Fig.2a, bar grain is predominant in monolithic ZrB2, which indicates ZrB2 grain, according to the diffusive way of B atom, has grown optionally in sintering. From Fig.2b, by introducing a small amount of SiCnp (10vol.%), ZrB2 matrix transforms bar into equiaxed grain (gray contrast in Fig.2b). The intragranular microstructure, besides, can be observed for ZrB2-10vol.%SiC nanocomposite, where submicron-sized SiC particles of 100~200nm are dispersed within ZrB2 matrix grain of about 2.2μm. And some irregular pores are located in multijunction of ZrB2 grain, which is consistent with the relative density of 97.1% for ZrB2-10vol.%SiC nanocomposite. As shown in Fig.2c, exception for intragranular particle in ZrB2-20vol.%SiC nanocomposite, there are two kinds of distribution: (1) some micron-sized SiC particles substitute for the pores existing in multijunction of ZrB2 grain; (2) a number of smaller SiC particles are located along the grain boundaries of the ZrB2 grain. With increasing SiC content up to 30vol.%, it can be observed that the grain growth of SiC particles is distinct and the intragranular microstructure is rarely visible (see Fig.2d). As a result, it is predicted that the number of the intragranular SiC particles will be decreased with increase in SiCnp content.
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Fig.2 SEM photographs of representative microstructures of ZrB2 matrix nanocomposies with 
a) 0, b) 10, c) 20 and d) 30vol.% SiCnp
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Fig.3 SEM photographs of the fracture surfaces of ZrB2 matrix nanocomposies with 

a) 10, b) 20, and c) 30vol.% SiCnp

Figure 3 shows SEM photographs of representative fracture surfaces for ZrB2-SiC nanocomposites. It is evident that the main fracture model varies with the SiCnp content: transgranular fracture for ZrB2-10vol.%SiC; inter/trans-granular fracture for ZrB2-20vol.%SiC; and intergranular fracture for ZrB2-30vol.%SiC.

It is believed that these variations of fracture model for ZrB2-SiC nanocomposites have much to do with a residual stress effect induced by intragranular SiC particle [8]. Because of the different thermal expansion coefficients between SiC and ZrB2, a large residual stress around intragranular SiC particle will be generated during cooling after sintering (1860MPa for ZrB2-SiC), which can be divided into a radial compress stress for strengthening ZrB2 matrix grain boundary and a tangential tension stress for weakening ZrB2 matrix grain. 

For the SiCnp content of 20vol.% (Fig.3b), because of the sufficient number of intragranular SiC particle, the radial compress stress is predominant, which makes the bonding of ZrB2 matrix grain boundary stronger. The strengthened boundary significantly impede an intergranular crack, leading to its propagation towards into the matrix grain by more load. This crack propagation behavior causes a mixture of intergranular and intragranular fracture fashions for ZrB2-20vol.%SiC nanocomposite. 

when SiCnp content is less than 20vol.%, however, the number of the intragranular SiC particle will increase remarkably (see Fig.3a). Excessive intragranular particles makes the tangential tension stress dominant that is responsible for a lowered bond strength of ZrB2 matrix grain. The crack, as a result, will be  subject to a propagation towards into ZrB2 matrix grain.
Beyond SiC content of 20vol% (see Fig.3c), on the contrary, because of a disappearance of intragranular microstructure resulting from the unusual growth of SiCnp, the residual stress effects generated by intragranular particle have been absent, without which crack tends to propagate along ZrB2 matrix grain boundary.
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Fig.4 Flexural strength of ZrB2-SiC nanocomposites as a function of SiC content

The variations of mechanical properties, especially flexural strength and fracture toughness, with SiCnp content for ZrB2-(0~30vol.%)SiC nanocomposites as shown in Figure 4. It is found that the addition of SiCnp improve, to a great extent, the mechanical properties of monolithic ZrB2 ceramic. And the maximum values of flexural strength and fracture toughness reach 1009.1 MPa and 6.8 MPa∙m1/2, respectively, for ZrB2-20vol.%SiC nanocomposite, which are much higher than counterparts for ZrB2 matrix composite with micron-sized SiC particle of 20vol.% (450MPa and 4.68 MPa∙m1/2, respectively) [9].
It is believed that the extraordinary mechanical properties for ZrB2-20vol.%SiC nanocomposite. are attributable to the following factors: 

The first one is that introducing SiCnp can inhibit the grain growth of ZrB2 matrix, significantly, and consequently make a contribution to a reduction of flaw size within ZrB2 grain. As a matter of fact, the grain size of the ZrB2 matrix (approximately from 7.5μm for the monolithic ZrB2 ceramic,) is reduced to 1.8μm for ZrB2-20vol.%SiC nanocomposite (see Fig. 1).
The other factor is the residual stress effect induced by intragranular SiC particle, which is believed to have an important role in the improvement of mechanical properties for ZrB2 matrix ceramic. As mentioned above, the predominant residual compress stress generated around intragranular particle can strengthen, to a great extent, the ZrB2 matrix grain boundary, making the crack propagation difficult and contributing to obtain the desirable mechanical properties, consequently.
For ZrB2-10vol%SiC nanocomposite, however, the reason for the relatively lowered mechanical properties is that the predominant tangential tension stress around the intragranular SiC particle weakens the ZrB2 matrix grain, which is consistent with the intragranular fracture characteristic for this material. With SiCnp content up to 30vol.%, the decline of mechanical properties is responsible for the absence of intragranular microstructure coupled with residual stress effects.

As mentioned above, it can be concluded that mechanical properties for ZrB2-SiC nanocomposite is mainly attributed to the residual stress induced by intragranular SiC particles.

3 Conclusion

A hot-pressed ZrB2-SiC nanocomposites was fabricated by introducing nanosized SiC powder into a ZrB2 matrix.  the intragranular particle was peculiar to this ceramic-based composite, whose number was decreased with an increase in SiCnp content.The mechanical properties of this nanocomposite ceramic, especially its flexural strength and fracture toughness depended on the number of the intragranular particle, greatly. 
It is believed that the residual stress induced by the intragranular particle is a main reason for the improvements in mechanical properties of the ZrB2-SiC nanocomposite ceramic. Excessive intragranular particles will weaken ZrB2 matrix grain, leading to relatively low mechanical properties.
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