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ABSTRACT

In Part II, the paper will describe a three-phase alumina-based nanoceramic composite demonstrating superplasticity at a sur-

prisingly lower temperature and higher strain rate. One important factor in the processing of these nanocomposites was the use

of the electrical field assisted sintering method, SPS. These improvements in mechanical properties were briefly discussed in the

context of the results from the microstructural investigations. SPS forming approach provides a new route for low temperature

and high-strain-rate superplasticity for nanostructured materials and should impact and interest a broad range of scientists in

materials research and superplastic forming technology.
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1. Superplasticity and High Strain Rate Super-
plasticity (HSRS) in Ceramics

uperplasticity was first widely studied in metals and

alloys. The constitutive relation for superplastic defor-

mation (SPD) usually takes the form of Mukherjee-

Bird-Dorn Equation, as introduced in Part I,

From the Equation, it is clear that for elevated tempera-

ture deformation at a constant temperature, high strain

rate is more easily realized in specimens with smaller

grains. Generally, superplasticity of ceramics requires a

microstructure with a fine grain size (<1 µm) that is stable

against coarsening during sintering and deformation.1)

Utilization of spark plasma sintering (SPS) significantly

reduced sintering temperatures and sintering times, and

has achieved remarkable success in producing nanocompos-

ites.3) SPS can rapidly consolidate powders to near theoreti-

cal density through the combined actions of a rapid heating

rate, pressure application, and proposed powder surface

cleaning. In nanocrystalline materials, which are difficult to

sinter by conventional methods, the advantages of SPS are

more directly evident. With low sintering temperatures and

short sintering times, SPS can result in better control of the

microstructure and final properties of materials. 

Because of the rather low sintering temperatures

(1100~1200oC) and the very short sintering time (a few

minutes), the grain sizes in the synthesized zirconia-alu-

mina-spinel triphase ceramic composite were about 50 nm

to 100 nm, as shown in Fig. 1(a) and (b).2,3)

This material was fully dense after SPS and revealed

superplasticity at a relatively low temperature of 1350oC (vs.

Japanese researchers 1650oC) and at a strain rate of 10-2 s-1.

A typical stress strain curve for these testing conditions is

shown in Fig. 2(a) and (b) which represents an example of

the sample view before and after testing. The stress-strain

rate relationship and strain rate-temperature relationship

revealed a strain rate sensitivity of 0.5 and activation

energy of around 622 kJ/mol, pointing to dislocation-accom-

modated grain boundary sliding as the deformation mecha-

nism. It was concluded that in the triphase ceramic

composite, zirconia–alumina and zirconia–spinel contrib-

uted more to the grain boundary sliding during superplastic

flow (with the activation energies of 597 and 522 kJ/mol,

respectively).4) Although alumina–spinel was not superplas-

tic, spinel played a roll in hindering the grain growth of the

other two phases. It is interesting to notice that the activa-

tion energy of zirconia-spinel is lower than that of zirconia-

alumina, although the spinel grain size is larger than that

of the alumina grains while the zirconia grains are of simi-

lar sizes in both cases. The interface microstructures might

play an important role. 

Strain rate sensitivity and deformation mechanism acti-

vation energy were examined using strain rate jump tests

at temperatures from 1350oC to 1450oC and five different

rates in the Al
2
O

3
-ZrO

2
-MgAl

2
O

4
 triphasic nanocomposite,

as shown in Fig. 3. It proved HSRS in the Al
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MgAl
2
O

4
 triphasic nanocomposite, investigated by Mukher-

jee and et al. 

Fig. 4 (a) and (b) show that stress-strain rate relationship

and strain rate-temperature relationship reveal a strain

rate sensitivity of 0.5 and activation energy of around

485 kJ/mol, pointing to dislocation-accommodated grain

boundary sliding as the deformation mechanism. High

strain rate superplasticity was observed at temperatures as

low as 1350oC, compared with Japanese researchers 1650oC.

SPS of plasma sprayed particles with and without prelim-

inary high-energy ball milling (HEBM) led to a theoretical

density over 99% in all sintered compacts.5) The absence of

HEBM in the processing route resulted in larger hard

agglomerates with strong bonding between the nanograins

inside these agglomerates. The difference in the superplas-

tic behavior, especially in activation energy, implies differ-

ent energetics of grain boundary sliding. The grains in the

specimen processed from nanopowder mixtures are more

random in orientation and the grain boundaries are more

prone to have high angles and high energies. As a result,

grain-boundary sliding should be easier.6) For plasma

sprayed powders, the strong low-angle grain boundaries

between primary grains inside the particle formed by nucle-

ation and growth from the metastable phase at elevated

temperatures did not change during deformation. This sug-

gests that the whole hard agglomerate acts as one entity

during SPS and high temperature deformation. The appli-

cation of HEBM of plasma sprayed particles made the syn-

thesized specimens superplastic because of smaller effective

grain sizes. However, the apparent activation energy of

superplastic flow in these materials was much higher than

that of the specimens synthesized by SPS from nanopowder

mixtures.5) Small impurity (e.g. W, Co from HEBM) segre-

gation may be responsible for the significant increase in the

apparent activation energy for the grain-boundary diffusion.

Fig. 1. Triphasic nanocomposite: (a) SEM image of the syn-
thesized material; (b) phase composition determined
by x-ray analysis.

Fig. 2. (a) True stress – true strain curve of superplastic flow
of zirconia-alumina-spinel triphase ceramic composite;
(b) a sample view before and after the test.

Fig. 3. Jump test for strain rate sensitivity and deformation
mechanism activation  energy rates in the Al

2
O

3
-ZrO

2
-

MgAl
2
O

4
 triphasic nanocomposite for HSRS.
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The observed enhanced ductility is thought to be associ-

ated with the enhanced grain sliding at the boundary of the

glassy/liquid phase resulting from the electric-field induced

motion of charged species. Despite remarkable success

(rapid superplastic deformation with high strain rates in

the range 10-2 to 10-3 s-1), the deformation temperatures

were still extremely high (1500oC is typical). A completely

different strategy of using a porous preform instead of fully

dense blanks and simultaneously consolidated and super-

plastically formed the specimens in the SPS equipment had

shown to be an effective way of utilization of low tempera-

ture superplasticity of ceramics. Finally, a microstructure

with a nanocrystalline grain size can lead to much lower

deformation temperatures and higher strain rates. As a

result, the near net shape forming of a nearly dense (98%)

nanoceramic was demonstrated at a temperature as low as

1150oC, as shown in Fig. 5(a) and (b). A die set was designed

to demonstrate formability, combing with cross-sectional

constraint, for deformation and consolidation in Fig. 5(a). 

This temperature is remarkably lower than those found

for conventional superplastic ceramics. These record low

temperatures are comparable to that of Ni-based superal-

loys (typically, 950oC), suggesting that an existing metallic

superplastic shape tooling might be applied to nanoceramic

composites. The strain rate of the deformation process was

about 10–2 s-1 and the final density was 100%. The same

composites did not exhibit superplasticity by conventional

deformation methods since both static grain growth during

the slow heating and dynamic grain growth during high

temperature deformation occur. It can be noted that nearly

nanosized microstructure has been obtained in the SPS

deformed composites whereas extensive grain growth was

observed in the non-deformed samples even at the same

SPS temperature.

It is generally accepted that application of mechanical

pressure is helpful in removing pores from compacts. The

increasing applied pressure during deformation is expected

to promote rapid densification and grain boundary sliding.

Therefore, applying a high pressure at low temperature

Fig. 4. (a) Stress-strain rate relationship and (b) strain rate-
temperature relationship of in the Al

2
O

3
-ZrO

2
-MgAl

2
O

4

nanocomposite.

Fig. 5. (a) A die set for deformation and consolidation and (b)
a sectioned quadrant of the zirconia-alumina-spinel
triphase ceramic sample superplastically deformed by
SPS at 1150oC.
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that allows the grain-boundary sliding to become kinetically

favorable can enhance deformation rates. This is consistent

with our findings where the strain rate increases with

increasing loading rate. When a constant load instead of a

constant stress is applied, the strain rates are significantly

decreased. In conclusion, this new SPS forming approach

provides a new route for low temperature and high-strain-

rate superplasticity for nanostructured materials and

should impact and interest a broad range of scientists in

materials research and superplastic forming technology.

Production of nanoceramic composites provides a promis-

ing route to enhance toughness. Most “nanocomposites” cur-

rently investigated are actually composites with micro-

crystalline matrixes and nanoscale second phases, very few

composites with truly nanocrystalline matrix have been

produced. Toughening mechanisms in ceramic composites,

which have been reasonably investigated in microcrystal-

line ceramics, need to be re-investigated in their applicabil-

ity to nanoceramics. Advanced consolidation techniques,

such as SPS, can be used to produce nanocrystalline

ceramic composites from nanopowders. These composites

can then be analyzed for a comparison of toughening data

and microstructural details versus material system vari-

ables to develop analytical models for toughening mecha-

nisms in ceramic composites with nanocrystalline matrices.

Advances in the synthesis of nanocrystalline ceramics

prompted a reclassification of the processed microstructure

by Kuntz et al.7) In this new classification the matrix phase

is continuously nanocrystalline while the second phase var-

ies leading to four nanocomposite types: the nano-nano

type, the nano-micro type, the nano-fiber type, and the

nano-nanolayer type.

Most of the work on ceramic/ceramic “nanocomposites” is

concentrated on SiC nanoparticle strengthened materials.

The large majority of the work has found obvious enhance-

ment in strength or toughness or both. The increase in

strength is usually more remarkable than that in tough-

ness. A number of mechanisms were proposed to account for

the toughening in Al
2
O

3
/SiC micro-nano composites, e.g.,

switch from intergranular to transgranular fracture because

Table 1. Strength and Fracture Toughness of Alumina-based “nanocomposites”

Material System
Microstructural Description

(Grain Size)
Strength

(MPa)
Fracture Toughness 

(MPam1/2)
Reference

Micro-nano composites

Al
2
O

3

Al
2
O

3
/5%Cr

3.5 µm monolith
Al

2
O

3
-0.68 µm, Cr-124 nm

475
736

3.6
4.0

Ji et al, 2002 [10]

Al
2
O

3

Al
2
O

3
/15%Ni

1.2 µm monolith
Al

2
O

3
-1 µm, Ni-180 nm

683
1090

3.5
4.2

Sekino et al, 1997 [11]

Al
2
O

3

Al
2
O

3
/5%Cu

0.89 µm monolith
Al

2
O

3
-0.63 µm, Cu-200 nm

536
707

3.57
4.28

Oh et al, 1997 [12]

Al
2
O

3
N/A

Al
2
O

3
/5%W

W-<100 nm intragranular
1 µm intergranular

528
645~1105

3.2
3.6~3.8

Sekino et al, 1995 [13]

Al
2
O

3

Al
2
O

3
/10%MWCN*

N/A
Al

2
O

3
-0.5 µm

---
---

3.5
4.2

Siegel et al., 2001 [14]

Al
2
O

3

Al
2
O

3
/8.5%SWCN+-4.3%Fe

Al
2
O

3
/10%SWCN+-4.3%Fe

~1 µm monolith
Al

2
O

3
-0.5 m

Al
2
O

3
-0.5 µm

335
400
296

4.4
5.0
3.1

Flahaut et al., 2000 [15]

Al
2
O

3

Al
2
O

3
/1%SiC

Al
2
O

3
/2.5%SiC

Al
2
O

3
/5%SiC

4.1 µm monolith
Al

2
O

3
-6.85 µm, SiC-200 nm

Al
2
O

3
-6.66 µm, SiC-200 nm

Al
2
O

3
-2.82 µm, SiC-200 nm

371
369
409
417

2.6
2.3
2.2
2.6

Maensiri et al., 2002 [16]

Al
2
O

3

Al
2
O

3
/5%SiC

Al
2
O

3
/10%SiC

Al
2
O

3
/15%SiC

3.5 µm monolith
Al

2
O

3
-4.0 µm, SiC-200 nm

Al
2
O

3
-2.9 µm, SiC-200 nm

Al
2
O

3
-2.6 µm, SiC-200 nm

430
646
560
549

3.2
4.6
5.2
5.5

Anya, 1999 [17]

Al
2
O

3

Al
2
O

3
/5~10%SiC

2~3 µm monolith
Al

2
O

3
-2~3 µm, SiC-200 nm

460
760~800

3.1
3.3~3.6

Davidge et al, 1997 [18]

Al
2
O

3
~1 µm monolith 380 3.91

Al
2
O

3
/15%Si

3
N

4
Al

2
O

3
-~µm

Si
3
N

4
-200~300 nm intergranular

80 nm intragranular

820 6.00
Zhu et al, 1997 [19]

Nano-nano composites

Al
2
O

3
-10%ZrO

2

Al
2
O

3
-35~44 nm

ZrO
2
-20~30 nm

--- 8.38 Bhaduri et al, 1997 [20]

*MWCN: multi-walled carbon nanotubes; +SWCN; single-wall carbon nanotubes
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of the intergranular SiC particles, crack-deflection by the

internal stress around the intragranular particles (also

resulting in intergranular to transgranular fracture), crack-

bridging by SiC particles, or clinched rough crack surfaces,

etc.8,9) Reduction in critical flaw-size in the “nanocompos-

ites” is commonly accepted as an important reason for the

strength increase.

Adding a small amount of metallic phases to alumina can

also effectively increase both the strength and toughness of

the material, as shown by the examples in Table 1. The

metallic phases in these “nanocomposites” are all in the

form of particles, either intergranular or intragranular,

with the alumina forming the continuous phase. The

enhancement is attributable to metal plasticity, or to crack-

deflection due to residue stress, or to crack bridging.

2. Concluding Remarks

SPS forming approach provides a new route for low tem-

perature and high-strain-rate superplasticity for nanostruc-

tured materials and should impact and interest a broad

range of scientists in materials research and superplastic

forming technology.

For concurrent deformation and consolidation, first, start

with a porous preform and consolidate the specimen during

superplastic forming. Second, porous preforms are easy to

make from pressureless sintering, plasma spray, SPS, etc.

Third, porous materials limit grain growth prior to deforma-

tion. Finally, finer grain size leads to lower deformation

temperatures and higher strain rates.
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