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1. Summary
       Superplastic behavior of metallic and ceramic systems can be utilized to improve the shape-forming technology. The constitutive law controlling superplasticity is represented by the relationship of the strain rate (ė) to the grain size (d), the stress component and the diffusion process controlling dislocation motion in the grain interior or along grain boundaries (GBs) and it is given by 

                                ė ( (Gb/kT)(b/d)p {(-o)/G}n Doexp((Q/RT)        (1)

where G the shear modulus, b the Burgers vector, k Boltzmann’s constant, T the absolute temperature, p the grain size exponent,  &othe applied & threshold stresses, n the stress exponent, Do the pre-exponential factor, Q the activation energy and R the gas constant.  In Eq. (1), the variables and term of p, n and Doexp((Q/RT) are related to the mechanism of diffusion controlling superplastic deformation. In general, promoting the GB sliding and preventing the grain growth and GB cavitation, which can be achieved by refining the grain size, cause the superplasticity to readily occur under a low energy barrier against the dislocation motion. 

High strain rate superplasticity

       The Kim & Hiraga group at the National Institute of Materials Science in Japan has fabricated a unique composite ceramics with high strain rate superplasticity. The composite system is composed of 3 mol%Y2O3 stabilized tetragonal Zr2O (YSZ), MgO/Al2O3 spinel (both of d: 0.18 m) and -Al2O3 (d: 0.29 m), all the components of which have similar volume fractions. The composite ceramics were prepared as follows. The starting materials had powder forms of -Al2O3 (diameter: 0.2 m), YSZ (diameter: 0.07 m), and MgO (diameter: 0.017 m) with purity > 99.97%. The powders were mixed in a ball-mill using pure Al2O3 balls and the mixed powers were pressed at 40 MPa followed by cold-isostatic pressing at 200 MPa. The compacted powder was finally sintered at 1,400oC for 1 h. The three-phase composite ceramics, exhibit superplastic deformation behavior at 1,650oC with uniform elongation to failure (ef) of 390% and 1,050% and maximum flow stress (m) of 90 and 43 MPa under ė = 1.0 s-1 and 0.4 s-1, respectively, which are much faster than the conventional range of ė from 10-5 to 10-4 s-1. During the superplastic deformation, the average volume fraction of cavities remains very small ranging from 0.05 to 0.06. The high ė superplasticity is ascribed to a combination of the limited grain growth in the constitutive phases, which would suppress the cavity formation, and the intervention of dislocation activity in the YSZ grain matrix.

Additive effects on the superplasticity

       Prof. Sakuma’s group at the University of Tokyo has investigated the effect of doping various oxides like SiO2, TiO2 and GeO2 on the superplasticity of 2.5 mol% YSZ. The addition of 5 mass% SiO2 with glass phase, which suppresses the grain growth, promotes dramatically the superplasticity with ef of 1,165% and m of 8 MPa at 1500oC under ė = 6.2 x 10-4 s-1. The segregation of Y and Si at GBs and the formation of amorphous glass phases at the triple GB junction are also responsible for amplifying the ductility. On the contrary, the addition of TiO2 and GeO2, which enhances the grain growth and the self-diffusion, does not improve the superplasticity as much as that of SiO2. This is because the effect of grain growth during the elevated temperature deformation overwhelms that of softening.
2. Background
       Prof. Wakai at the Tokyo Institute of Technology (previously affiliated with National Industrial Research Institute in Nagoya) first has demonstrated the superplastic behavior in fine-grained ceramics (d: 0.2-0.3 m) under ė from 10-5 to 10-4 s-1. His pioneering works include the following:

· Sintered 3 mol% YSZ, consisting of 90% tetragonal and 10% cubic grains, was deformed up to ef =120(170% depending on ė at 1450oC with m of 6-15 MPa: Adv. Ceram. Mater, 1, 259 (1986).
· Si3N4/SiC composites showed ef of 150% and m of 50 MPa at 1600oC. The superplasticity is related to the formation of intergranular liquid phases resulting from the sintering additive of Y2O3 and Al2O3: Nature, 344, 421 (1990).

· 1 mass% B & 3.5 mass% C-doped SiC, fabricated by hot-isostatic pressing, exhibited superplastic deformation over ef of 140% at 1800oC in the absence of intergranular amorphous phases: J. Am. Ceram. Soc., 82, 2916 (1999).

       Since Wakai’s discovery, a number of studies on superplasticity of several ceramic systems were carried out under Towards Innovation in Superplasticity (1996-99) funded by the Ministry of Education in Japan.

3. Assessment
       The utilization of superplastic behavior of ceramics would be vital to further promote the application of advanced ceramics. Although great progress is underway, the superplasticity is still limited at temperatures higher than 1,300oC and at strain rates lower than 10-4 s-1. These conditions are not economically feasible for a practical forming process. 
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