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parameter space where self-healing cracks were predicted to exist.
Because of the long running times and complicated initial condi-
tions needed to produce steady states, we have limited ourselves to
small systems of about 500,000 atoms. We have found three self-
healing cracks consistent with the analytical predictions; a picture of
one of them appears in Fig. 1.

With the catalogue of self-healing cracks in hand, we now return
to the matter of how they lead to friction. For any given
compressive stress (-jyy(`)) there is a minimum shear stress
jxy�`� < 2 0:2jyy�`� that allows the cracks to begin moving (see
Fig. 2a). For any smaller shear stress, the upper block cannot slide;
for any larger shear stress, there is a way for it to slide. This sliding is
well described by a coef®cient of friction to the extent that the lower
boundary of states can be approximated by a straight line. The lower
boundary of states depends only weakly upon the model param-
eters, which include bond stiffness and interface strength.

What we have in fact determined is a lower bound on a coef®cient
of static friction at zero temperature. Static friction will be deter-
mined by when self-healing cracks actually initiate, which is not
necessarily identical with when they ®rst become possible. Once
sliding begins, properties of kinetic friction will be determined by
populations of self-healing cracks. The speed at which the upper
block slides will depend upon the number of self-healing cracks
moving at any time, and is not directly determined by the speeds of
these cracks.

The question of when self-healing cracks actually underlie fric-
tional sliding will have to be settled by experiments. There is some
evidence for such cracks from experiments aimed at settling ques-
tions about earthquakes5±7. Real surfaces are certainly not ¯at
enough over macroscopic lengths for our description of friction
to be complete, and other mechanisms of frictional sliding1,24 will
certainly compete with this one. However, we believe that our
calculation of a friction coef®cient from the atomic scale up
constitutes progress. We hope that these de®nite mathematical
results for an ideal case will be useful for proceeding to more
realistic ones, and will motivate new experiments. M
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High-strain-rate superplasticity describes the ability of a material
to sustain large plastic deformation in tension at high strain rates
of the order of 10-2 to 10-1 s-1 and is of great technological interest
for the shape-forming of engineering materials. High-strain-rate
superplasticity has been observed in aluminium-based1 and mag-
nesium-based2 alloys. But for ceramic materials, superplastic
deformation has been restricted to low strain rates of the order
of 10-5 to 10-4 s-1 for most oxides3,4 and nitrides5 with the presence
of intergranular cavities leading to premature failure. Here we
show that a composite ceramic material consisting of tetragonal
zirconium oxide, magnesium aluminate spinel and a-alumina
phases exhibits superplasticity at strain rates up to 1 s-1. The
composite also exhibits a large tensile elongation, exceeding 1,050
per cent for a strain rate of 0.4 s-1. The tensile ¯ow behaviour and
deformed microstructure of the material indicate that super-
plasticity is due to a combination of limited grain growth in the
constitutive phases and the intervention of dislocation-induced
plasticity in the zirconium oxide phase. We suggest that the
present results hold promise for the application of shape-forming
technologies to ceramic materials.

In superplastic materials, the primary deformation mechanism is
grain-boundary sliding, and it is the rate of this process that
determines the macroscopic strain rate. Because cavitation due to
grain-boundary sliding must be accommodated by diffusion and/or
dislocation processes for successive deformation, a short accommo-
dation lengthÐwhich means a small grain sizeÐis indispensable
for attaining high-strain-rate superplasticity. For the same reason,
stability of the small grain size is also essential. If grain growth
occurs actively during deformation, the accommodation length
increases and retards facile grain-boundary sliding. This causes an
increase in the level of stress necessary for successive deformationÐ
that is, strain-hardening. Strain-hardening enhances the extent of
stress concentration on the sliding grain boundaries or grain
corners, resulting in the formation of intergranular cavities that
leads to premature failure. We have fabricated a multi-phase
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ceramic composite consisting of 40 vol.% ZrO2, 30 vol.% spinel and
30 vol.% Al2O3; this material has submicrometre-sized grains and
grain growth is strongly suppressed by dispersed phases.

The starting materials were commercial powders of high purity
a-Al2O3 (.99.99%, TM-DAR, Taimei Chemical), tetragonal ZrO2

stabilized by 3 mol% Y2O3 (.99.97%, TZ-3Y, Tosoh) and MgO
(.99.97%, 100A, Ube Chemical) with nominal particle diameters
of 0.2, 0.07 and 0.017 mm, respectively. The powders were mixed in a
ball-mill, using balls of pure Al2O3 (.99.9%) and ethanol. After
drying and granulation with a 60-mesh sieve, the mixed powder was
pressed at 40 MPa and then cold-isostatically pressed at 200 MPa.
The compacts were sintered at 1,400 8C for 1 h in air, during which a
spinel phase was formed by chemical reaction between the MgO and
Al2O3 powders. The density of the sintered body was 4.57 g cm-3. As
shown in Fig. 1, the sintered microstructure consisted of equiaxed
a-Al2O3, spinel and tetragonal ZrO2 grains. The average grain size,
de®ned as the equivalent area diameter of the grain measured by
scanning electron micrography (SEM), was 0.29 mm for the Al2O3

phase, and 0.18 mm for both ZrO2 and spinel phases. The mean
grain size of these phases was 0.21 mm.

From the sintered compacts, ¯at tensile specimens were
machined with a gauge length of 8 mm, a width of 3 mm and a
thickness of 2 mm. Constant-displacement-rate tensile tests were
performed with an Instron-type testing machine at 1,650 8C in
vacuum. Tensile strain and stress were determined from the cross-
head displacement by considering the compliance of the testing
machine and by assuming uniform elongation in the gauge portion.
At the test temperature, the grain sizes just before deformation were
about twice the as-sintered ones.

As shown in Fig. 2, tensile deformation in the present material
proceeded uniformly without local necking, and tensile elongation
reached 390% at an initial strain rate of 1 s-1. To our knowledge, this
is the highest strain rate reported for any superplastic ceramic
material. At a slightly lower strain rate of 0.4 s-1, the material did
not fail even after the tensile elongation reached 1,050%, which is
the maximum elongation that can be examined with the present
testing machine. An elongation to failure of 1,040%, which is (to
our knowledge) the maximum value so far recorded in ceramics, has
been attained in a Y2O3-stabilized tetragonal ZrO2 doped with
5 wt% (,13 vol.%) SiO2 at an initial strain rate of 1:3 3 1024 s21

(ref. 4). It should be noted, however, that the strain rate to attain the
1,050% elongation in the present material is more than 3,000 times
higher than that available for the SiO2-doped material. We also note
that such a difference in the available strain rate leads to quite a large
difference in the deformation time: to attain an elongation of
1,000%, for example, it takes 20 h at 1:3 3 1024 s21 in the SiO2-
doped ZrO2, whereas it takes only 25 s at 0.4 s-1 in the present
material.

Tensile ¯ow data (Fig. 3) exhibit some characteristics different
from those of other superplastic ceramics1,3±5. The ®rst point is the
lack of strain-hardening in the present material. Flow stress either
starts to decrease immediately after yielding (1 s-1), or it remains
almost constant up to a tensile strain of 0.8 and then gradually
decreases (0.4 s-1). This is in contrast to the general behaviour of
other superplastic ceramics, where strain-hardening occurs through
grain growth, and is followed by a decrease in ¯ow stress; this
decrease is mainly due to a decrease in strain rate with increasing
strain under constant-displacement-rate loading, and partially to
cavitation at large strains. Microstructural examination of the
deformed specimens revealed that the lack of strain-hardening is
due mainly to highly limited grain growth. The increment of grain
size in each phase was about 10% or less after deformation to
failure.

There are two possible explanations for the limited grain growth
in the present material; the heightened strain rates and the particle
dispersion. The extent of grain growth is proportional to the
deformation time and strain6. Hence, the shorter the deformation
time or the smaller the tensile strain, the smaller the increment of
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Figure 1 Scanning electron micrograph of the as-sintered microstructure. Grain labels A,

S and Z represent Al2O3, spinel and ZrO2, respectively. The constitutive phases were

identi®ed by X-ray diffraction. The molar Al2O3 to MgO ratio in the spinel phase was also

determined by X-ray diffraction as 1.1 for the as-sintered material and 2.2 for a specimen

quenched from the deformation temperature.
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Figure 2 Specimens before and after deformation at 1,650 8C. At 0.4 s-1, the tensile test

was terminated before failure owing to a limitation of the loading span available in the

testing machine.
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Figure 3 Stress±strain curves at 1,650 8C. eÇ0 is the initial strain rate. We note that the

undulated feature after yielding, particularly at eÇ0 � 1 s 2 1, is typical of dynamic

recrystallization in metallic materials. The extent of yield-drop increases with increasing

strain rate.
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grain sizeÐand in our material there is a shortened deformation
time due to the heightened strain rates. As far as particle dispersion
is concerned, the present material has characteristics different from
those of conventional materials: a tri-phase structure, where the
amount of each phase is similar. For a given volume of dispersed
particles, such a tri-phase structure decreases the frequency of the
grain boundaries between the same phases or increases the separa-
tion distance between the phases. This situation is of bene®t to the
suppression of grain growth, as grain growth occurs by the migra-
tion of such grain boundaries and/or by the coarsening of grains
through interphase boundary diffusion. For the same reason, an
increase in the amount of dispersed particles is known to enhance
the suppression of grain growth7. Indeed, the mean grain size of
0.21 mm in the present 30 vol.% Al2O3±40 vol.% ZrO2±30 vol.%
spinel is much smaller than that of 80 vol.% Al2O3±10 vol.% ZrO2±
10 vol.% spinel8, where the mean grain size reached 0.45 mm for a
similar sintering procedure. Thus, the limited grain growth in the
present material can be attributed to both the heightened strain
rates and the multi-phase structure.

Another point to note in the data shown in Fig. 3 is the yield-drop
appearing just after initial yielding, accompanied by an indication
of undulated ¯ow. The yield-drop becomes more prominent with
increasing strain rate. Such ¯ow behaviour is known to appear
during high-temperature plastic deformation in metallic poly-
crystals and single crystals owing to dislocation processes including
dynamic recrystallization9, but not in superplastic (or superplastic-
like) polycrystalline ceramics. This non-appearance can be ration-
alized by the generally accepted considerations that grains in super-
plastic ceramics behave as rigid bodies and deformation occurs
through grain-boundary sliding accommodated by diffusion1,3±5.
Thus, the ¯ow behaviour shown in Fig. 3 suggests that other
deformation mechanisms may intervene in the high-strain-rate
deformation of the present material.

Figure 4 shows a typical example of substructures developed in
ZrO2 grains during high-strain-rate deformation. Dense inter-
granular dislocations, some of which are tangled, and the occur-
rence of subgrain boundaries are characteristics of the ZrO2 grains
after deformation. This observation indicates that dislocations were
generated and moved in the ZrO2 grains during deformation. In
other words, the ZrO2 grains are not rigid, but are deformed
plastically to some extent during the high-strain-rate deformation.

Such dislocation activity has also been found recently in some ®ne-
grained oxides such as spinel10 and tetragonal ZrO2 (ref. 11). The
observation also indicates that the dislocations were rearranged to
form subgrain boundaries during deformationÐthat is, dynamic
recovery occurred in the ZrO2 grains. The observed features imply
that the ZrO2 grains may contribute to the accommodation process
of grain-boundary sliding through their plasticity. This means
equivalently that the stress concentration developed during defor-
mation can be relaxed not only by diffusion processes, but also by
the plasticity of the ZrO2 grains. Such a consideration is supported
by the following cavitation behaviour in this material.

Cavitation damage in the present material was found to be quite
limited during high-strain-rate tensile deformation. Although
cavity stringers along the stress axis occurred at large strains,
microcracks along the direction normal to the stress axis, which
are often found in existing superplastic ceramics12, were not
observed. The average cavity volume fraction measured along the
gauge portion was 0.051 and 0.061 for the specimens deformed at
1 s-1 (failed at 390% elongation) and 0.4 s-1 (elongated to 1,050%),
respectively. At 0.1 s-1, the cavity volume fraction was less than 0.025
at an elongation of about 1,000%. These values are quite small
compared to those of other superplastic ceramics: in a Y2O3-
stabilized tetragonal ZrO2, which is a representative superplastic
ceramic material, the cavity volume fraction reached 0.3 at an
elongation of 700% at 1,550 8C and at a strain rate of
8:3 3 1025 s21 (ref. 12). At smaller tensile strains of around 100%,
where most actual plastic forming has been performed in metallic
materials, the level of cavitation damage can be further suppressed
in this material. At a strain rate of 0.4 s-1, for example, the cavity
volume fraction after 100% elongation was evaluated to be less than
0.005 from the interpolation of the obtained data, and this value is
similar to that which occurs in metal forming13.

The suppression of cavity formation, which enables the large
elongation in the present material, indicates that stress concentra-
tions generated at grain boundaries and corners are suf®ciently
relaxed during deformationÐif the stress relaxation was insuf®-
cient, cavitation would be much enhanced. In conventional super-
plastic ceramics, the relaxation occurs through diffusion14, and we
expect that this is also the case in the present material. However, the
differences in cavitation behaviour and available strain rates
between the conventional and the present materials indicate that
an additional mechanism is at work in the latter. We attribute the
occurrence of the additional relaxation to the above-mentioned
dislocation-induced plasticity of the ZrO2 dispersed among the
other constitutive grains.

We thus conclude that the attainment of high-strain-rate super-
plasticity and the large tensile elongation in the present ZrO2±
spinel±Al2O3 composite arises from the multi-phase structure. This
structure enables the achievement of submicrometre-sized grain
structure after sintering and strongly suppressed grain growth
during deformation. Furthermore, the dislocation-induced plastic-
ity in the ZrO2 grains is likely to play an additional role in the
accommodation of grain-boundary sliding, that is, stress relaxation
during high-strain-rate deformation.

The present results show that it is possible to overcome the major
drawbacks of conventional superplastic ceramics in engineering
applications, namely the low strain rate available for forming15 and
the extensive cavitation. We accordingly consider that, although
problems remain to be solved in the area of further suppressing
cavitation damage during deformation, the present results provide a
way of applying superplasticity to the shape-forming of ceramic
materials. M
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Diatoms are of interest to the materials research community
because of their ability to create highly complex and intricate
silica structures under physiological conditions: what these
single-cell organisms accomplish so elegantly in nature requires
extreme laboratory conditions to duplicate1,2Ðthis is true for
even the simplest of structures. Following the identi®cation of
polycationic peptides from the diatom Cylindrotheca fusiformis,
simple silica nanospheres can now be synthesized in vitro from
silanes at nearly neutral pH and at ambient temperatures and
pressures3,4. Here we describe a method for creating a hybrid
organic/inorganic ordered nanostructure of silica spheres through
the incorporation of a polycationic peptide (derived from the
C. fusiformis silaf®n-1 protein) into a polymer hologram created
by two-photon-induced photopolymerization. When these pep-
tide nanopatterned holographic structures are exposed to a
silicic acid, an ordered array of silica nanospheres is deposited
onto the clear polymer substrate. These structures exhibit a
nearly ®fty-fold increase in diffraction ef®ciency over a compar-
able polymer hologram without silica. This approach, combining
the ease of processability of an organic polymer with the
improved mechanical and optical properties of an inorganic
material, could be of practical use for the fabrication of photonic
devices.

We have recently developed a holographic two-photon-induced
photopolymerization (H-TPIP) process5 and here we describe how
this technique can be used to prepare nanopatterned structures that
contain biological macromolecules. Unlike conventional holograms
formed through the use of ultraviolet lasers, holograms created
through the two-photon process use an ultrafast infrared laser.
Because infrared wavelengths typically do not alter the functionality
of biological compounds, monomer formulations containing pep-
tides can be polymerized without affecting the biological activity.
We incorporated a peptide that has recently been shown to be
responsible for biosili®cation into a formulation to be cured by a
holographic two-photon-induced photopolymerization with the
expectation that the peptide would be segregated into regions of
low crosslinking density. The approach of using ultraviolet lasers to
phase separate small liquid crystal molecules in a polymer-based
hologram has been used extensively6 and we hypothesized that this
technique would also be applicable to the H-TPIP process. We
predicted that exposing the peptide-containing structure to a liquid
silane would cause silica to form in the holographic nanopattern
(see Fig. 1) and that this hybrid organic/inorganic device would
have a higher degree of order leading to a superior device compared
to randomly ordered monolayers of silica on indium-tin oxide
(ITO) coated glass7.

A short 19-amino-acid R5 peptide unit (SSKKSGSYSGSKGSKRR
IL) of the silaf®n-1 precursor polypeptide from C. fusiformis is able
to catalyse the formation of silica nanospheres within minutes when
added to silicic acid at neutral pH and ambient temperature3. A
chemically synthesized R5 peptide that lacks a post-translational
modi®cation of its lysine residues was used in the present work. The
post-translational modi®cation of lysine residues is required for
silica formation under acidic pH conditions3,8. However, because
our research was conducted under slightly basic conditions, the
modi®cation of the lysine residues was unnecessary. Consequently,
work began by incorporating this peptide (0.80 mg in 16 ml of
water) into a monomer formulation. This formulation consisted of
160 ml SR-9035, 0.022 g SR-399 (SR-9035 is a trimethylolpropane
triacrylate and SR-399 is a dipentaerythritol pentaacrylate obtained
from Sartomer which were used without the removal of inhibitor),
0.006 g triethanol amine and 0.005 g isopropyl thioxanthone; the
entire mixture was heated for 15 min at 50 8C to aid in dissolution.
The triacrylate was chosen for its high water miscibility which is
due to its numerous ethylene glycol units, and the pentaacrylate
was used to create a highly crosslinked system. The triethanol
amine functions as a coinitiator and thioxanthone as the initiator.
Typically, in a two-photon-initiated polymerization, a ¯uorescent
chromophore is also required to absorb two photons of near-
infrared laser light. The excited chromophore transfers its energy
to the initiator which begins the polymerization process. However,
we have found that the thioxanthone used in this formulation does
not require highly coloured chromophores, and consequently,
extremely large curing depths and exceptionally clear and colourless
polymers are produced9,10.

A thin layer (175 mm) of the monomer/peptide formulation was
deposited onto a clean glass slide which was then placed in a
miniature atmospheric chamber ®tted with glass windows and

Silica sphere

Peptide/water
enriched domain
Highly crosslinked
polymer

Figure 1 Cross-section of the hologram. The peptide-rich regions that are formed

during the holographic polymerization process are shown.
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