have a high density of defects. It is interesting to compare these
defects with flux vortex lattices in superconductivity®. At large
enough length-scales (above the so-called Larkin length), even
arbitrarily weak static defects can destroy translational long-range
order for all dimensions < 4. For flux vortex lattices, the defects are
rigidly fixed in space, and not connected to the fluctuating lattice.
Long-range order is therefore always destroyed at large enough
length-scales. The analogy with smectic elastomers is complex,
because the defects are crosslinks which are embedded in the
fluctuating lattice itself, and therefore are not strictly static. We
observed 1/¢** intensity tails which persist down to q values
approaching our experimental resolution limit, which is high
enough to resolve length-scales of several micrometres. For the
limiting case of static crosslinks, the scattering signature may
consist of a crossover between the disordered Larkin limit at a
small g, to the predicted Bragg behaviour at large g, which is
the range we observe. As the Larkin length has been known to
be macroscopically large even for soft lattices (tens of micrometres)
we may not be able to observe this effect even at the high resolution
of our experiments. But because crosslinks can locally disturb the
smectic layering, and can even destroy the ‘one-dimensional’
lattice down to molecular length-scales at high crosslink densities®,
the lineshape at our measured range of g values can also be affected.
As with effects related to the mosaic width, such defects can
only broaden rather than sharpen the lineshape associated with
the ‘one-dimensional’ ordering, and therefore cannot explain our
unambiguous observation of an elastomer Bragg peak that is
sharper than the Caillé lineshape. In these smectic elastomers the
introduction of disorder in the form of a random network has
the counterintuitive result of enhancing the ‘one-dimensional’
ordering. Ol
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Origin of rubber-like behaviour
in metal alloys

Xiaobing Ren & Kazuhiro Otsuka
Institute of Materials Science, University of Tsukuba, Tsukuba, Ibaraki 305, Japan

Since 1932 it has been known that a number of ordered alloys
show an unusual kind of deformation behaviour'~. These alloys
(including Au-Cd, Au—Cu-Zn, Cu-Zn-Al, Cu-Al-Ni)*®, after
being aged for some time in a martensitic state (the low-symmetry
phase of a diffusionless transformation), can be deformed like a
soft and pseudo-elastic rubber (with a recoverable strain as large
as a few per cent). Accompanying martensite ageing is the
development of martensite stabilization® (increase in the tem-
perature of reverse transformation to the parent state), the
avoidance of which is important in actuator applications of the
shape-memory effect”, (which these alloys also generally exhibit.
The origin of this rubber-like behaviour and of the ageing effect
has remained unclear'*""". Here we show that this behaviour does
not involve a change in the degree of long-range order, but is
instead due to an atomic rearrangement within the same sub-
lattice of the imperfectly ordered alloy during martensite ageing.
This process is driven by a general tendency for the equilibrium
symmetry of the short-range order configuration of lattice imper-
fections to conform to the symmetry of the lattice. This principle
not only explains all the observed aspects of the rubber-like
behaviour and the ageing effect in both ordered and disordered
alloys, but may also further our understanding of some diffusion
phenomena in other crystalline materials.

A martensitic transformation lowers the symmetry of a crystal
without involving atomic exchange or diffusion. As a result of
symmetry lowering, a single crystal of the parent phase (high-
temperature phase) is split into many twin-related martensite
domains. If the martensite of the above-mentioned alloys is
deformed immediately after being transformed from the parent
phase, the strain can be accommodated by the easy reversal of some
of the domains into new ones, that is, twinning. This explains the
‘softness’ of the martensite. Because the stress-induced domains
have the same martensite structure and hence the same stability as
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Figure 1 Electrical resistivity of single crystal AusosCdags alloy as a function of
ageing time, for the parent phase (enlarged in the left inset) after transformation
from well-aged martensite, and for martensite (enlarged in the right inset) after
transformation from well-aged parent.

579




letters to nature

the original ones, the original domains cannot be restored even
when stress is released. This leads to a plastic or irrecoverable strain
for the ‘fresh’ martensite.

However, the rubber-like behaviour appears when martensite is
deformed after being aged for a certain period. Then the stress-
induced domains seem to be less stable than the original ones, so the
original domains can be restored when the stress is removed. This
leads to a recoverable strain and to macroscopic rubber-like beha-
viour (RLB). The central problem is to explain what happens during
martensite ageing to cause the stability difference between the
stress-induced domain and the original one. RLB is different from
two other kinds of pseudoelasticity of known origin. One is due to
stress-induced martensitic transformation’, and the other is due to
the formation of a pseudo-twin'®. In both cases, stress induces a
structural transformation that provides the restoring force.

The existence of RLB in single-domain martensites'”’ proved
that RLB and the ageing effect must originate from atomic rear-
rangement throughout the martensite. Previous martensite recon-
struction models'"'"? were found to contradict experimental
observations®'. Recent models”™" also predicted some change in
the average martensite structure (that is, the degree of long-range
order (LRO)) during ageing. However, X-ray experiments on stable
(that is, no tendency to decompose) Au—Cu—Zn* and Au-Cd***
martensites did not provide any evidence for a change in the degree
of LRO, but with a relatively large uncertainty (a few per cent).

Here we present experimental evidence to show that no change in
LRO occurs during ageing. Because of the great sensitivity of
electrical resistivity to changes in LRO in alloys, we used a four-
terminal electrical resistivity measurement to monitor the possible
LRO change during isothermal ageing for a AusysCdyys ordered
alloy in a consecutive ageing sequence: martensite (298 = 0.2K
for ~2 X 10°s) — parent (330 = 0.2K for ~10°s) — martensite
(298 = 0.2K for ~10%s). The result is shown in Fig. 1. Notably,
both the parent and the martensite show a small decrease in
resistivity (relaxation type) with ageing time before reaching
saturation. Because diffusionless martensitic transformation does
not change LRO, no change in LRO will occur during ageing if
the parent and martensite have the same equilibrium LRO. If
they were different, one would expect an increase in LRO in
one phase and a decrease in the other during ageing, and
consequently a remarkable decrease in resistivity in one phase
and an increase in the other. This situation obviously contra-
dicts the experimental observation, so we can conclude that no

580

PB (or PBA)
PA=1-pB

s O SUblattice (A atom predominant)
= (3 sublattice (B atom predominant)

Nature © Macmillan Publishers Ltd 1997

Figure 2 Mechanism of rubber-like
behaviour and the martensite stabili-
zation phenomenon. The illustrations
show the statistical atomic configura-
tion (conditional probabilities around
an A atom) of an imperfectly-ordered
A-B alloy in: a, the equilibrium parent
phase; b, the martensite immediately
after transformation from a; ¢, the
equilibrium martensite; d, the stress-
induced martensite domain (twin)
formed immediately from c¢; e, the
equilibrium state of the stress-
induced domain; f, the parent trans-
formed immediately from ¢. P, parent
phase; M, martensite. PE (or ) is the
conditional probability of a B atom (or
an A atom) occupying site
(i=1,2,3,...8) if an A atom is at site
0. The relative values of P? and P are
indicated by the black and grey areas
e respectively.

Stress
+ageing

LRO change is involved during ageing and that the small
decrease in resistivity of both phases during ageing is due to
a type of relaxation process that does not change LRO.

There is only one type of atomic rearrangement that does not
change the degree of LRO: atomic rearrangement within the same
sublattice of the ordered martensite, not between sublattices. This
process is similar to the atomic diffusion process in ordered alloys,
where effective (or net) atomic exchange occurs only within the
same sublattice so as not to destroy the LRO*. We show below that
such an atomic rearrangement has a simple origin.

To simplify the discussion, we consider a two-dimensional
structure. However, the conclusion is applicable to any three-
dimensional martensite structure because only symmetry is
relevant. Fig. 2a shows a two-dimensional A—B binary imperfectly
ordered parent phase with four-fold symmetry. Because of the four-
fold symmetry of the structure, the probability of finding a B atom
about the A atom (or B atom) must possess the same four-fold
symmetry (if not, four-fold crystal symmetry cannot be main-
tained), that is, P} = P} = P} = P}, P = P? = P} = P§, and so
on,where PP (i = 1,2, 3, ...) are conditional probabilities, as explained
in Fig. 2. The martensite has a lower symmetry, so the equilibrium
occupation probability of atoms should also have the same sym-
metry as the structure about the A atom, that is, P} = P} # P; = P}
and P? = P} # P? = P}, as shown in Fig. 2c. The equalities are due
to the centro-symmetry of the schematic martensite structure.

Now, let the parent phase shown in Fig. 2a transform into
martensite. Because of the diffusionless nature of the transforma-
tion, all the probabilities must remain unchanged despite the
symmetry change, as shown in Fig. 2b. That is, PP =P} =
P} = P} and P! = P} = P} = P}, and so on. But this high-sym-
metry configuration is no longer a stable configuration for the
lower-symmetry martensite structure. Then during ageing, such a
configuration gradually changes into the stable one, as shown in Fig.
2¢. This process proceeds by atomic rearrangement or relaxation
within the same sublattice. This is the only way that a martensite can
lower its free energy without altering the average martensite
structure (equilibrium phase). It is obvious that such an atomic
rearrangement occurs most easily for the atoms close to the A atom
(for example, atoms 1—8 shown in Fig. 2), and farther atoms make
only a small contribution. This means that it is a type of short-range
ordering (SRO) within the same sublattice. As shown above, this
SRO originates from a requirement that the symmetry of the
configuration of lattice imperfections in equilibrium conforms to

NATURE | VOL 389|9 OCTOBER 1997




T T T T T L T T T T T T
O Ageing time: 1.15 h
X Ageing time: 28.45 h
r a  Difference
X [}
r ° x —
= X
% 5
Iz 4
5] 2
£ 5
L 3 ; R .
-1 : R
[ : 2
1. soatas] R e
S apdad
" 1 n 1 n 1 n 1 L 1 n 1
57 58 59 80
26 (deg)

Figure 3 X-ray profiles of (242) Bragg reflection of single-crystal Ausp,sCdszs
martensite after ageing for a short (1.15h) and a long (28.45 h) time?". No percep-
tible change in peak position and integrated intensity was found during ageing.
However, a delicate change in the symmetry of the profile was found to develop
during ageing, as shown by the difference in the two profiles.

the crystal symmetry and is thus called symmetry-conforming
short-range ordering. The stable SRO configuration for the parent
is inherited by martensite during martensite formation, but this
SRO becomes an ‘unstable’ configuration for the martensite because
it differs from the martensite symmetry. Then atomic rearrange-
ment occurs during ageing that results in a correct SRO symmetry
for the martensite. This SRO is apparently different from previously
proposed ones'>™" that lead to a change in LRO.

When the stabilized (or aged) martensite (Fig. 2¢) is deformed, it
changes into another domain (or twin) as a result of the accom-
modation of the strain. Because this twinning process is also
diffusionless, the atomic occupation probabilities shown in Fig. 2¢
are inherited by the new domain, as shown in Fig. 2d, but this
configuration is not stable for the new domain, which is shown in
Fig. 2e, and a driving force that tries to restore the original domain
(Fig. 2¢) develops. When the external stress is released immediately
after loading, this restoring force restores the new domain (Fig. 2d)
to the original one (Fig. 2¢) by de-twinning. By this mechanism the
aged martensite can be deformed like a rubber. We propose that this
is the origin of the RLB. If the stress is held for some time, the atomic
configurations in Fig. 2d have enough time to change into a stable
configuration (Fig. 2e), so no RLB occurs. This has also been found
in previous experiments'"?. It should be emphasized that this
mechanism makes use of only two main features of the martensitic
transformation—symmetry change and absence of diffusion—
which are shared by all martensites. Thus it is a general mechanism
applicable to any martensite.

When the stabilized martensite (Fig. 2c) is heated and trans-
formed back (diffusionlessly) into the parent, the stable SRO
configuration for the martensite is inherited by the parent (Fig.
2f). From the above-mentioned symmetry-conforming principle of
SRO, it is obvious that Fig. 2f is not a stable configuration for the
parent. From a thermodynamic point of view this corresponds to an
increased reverse transformation temperature (known as Ay). This is
the origin of the so-called martensite stabilization®, which has
previously had no unified explanation.

The present model can be easily extended into disordered alloys
by considering the existence of only one sublattice. In this case the
present model reduces to Christian’s model*, which was later
elaborated by Otsuka and Wayman'. This model explained the
rubber-like elasticity in disordered alloys such as In—TI**.

We are able to verify the present model directly by comparing it
with published X-ray diffraction measurements® (Fig. 3). The
invariance of the Bragg peak position (that is, lattice parameters)
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and intensity indicates that atomic rearrangement during ageing
does not change the average structure or LRO of martensite. The
small change in shape of the Bragg peak with ageing reflects a
delicate change in the environment of a given atom from Fig. 2b to
Fig. 2c. Such a change leads to a small change in displacement field
around a given atom, and results in a change in the shape of Bragg
peaks. The change of the Bragg peak symmetry shows that the SRO
configuration changes into the same symmetry as the martensite
(the atomic structure of Au—Cd martensite is asymmetrical). The
same result was also found in AusysCdyo 5 (ref. 20) and Au—Cu—Zn
(ref. 22) alloys. So we can see that all of these previously unexplained
experimental observations support the present model. The small
decrease in resistivity in both martensite and the parent phase (Fig. 1)
also provides support for the above mechanism, as it corresponds to
the ‘fine adjustment’ or ‘relaxation’ within the same sublattice of the
ordered structure after a sudden change in symmetry.

From Fig. 2 one can easily see that if there is perfect ordering, no
lattice imperfections exist and thus there is no symmetry-conform-
ing short-range ordering of imperfections. Thus, the existence of
lattice imperfection is a necessary condition for the ageing effect and
RLB. It follows that the more imperfections there are, the more
pronounced is the effect. Experimentally’, it has been reported that
the deviation from stoichiometry (increase in imperfections) in
Au-Cd compounds markedly enhances RLB and the ageing effect,
and quenching (increase in imperfections) always promotes RLB
and the ageing effect.

Behind the above explanation of RLB and the ageing phenom-
enon is a principle of potentially more general significance: the
symmetry-conforming principle of SRO. We believe that this
principle is a key to understanding a wide spectrum of diffusion
phenomena after a forced symmetry change either by a diffusionless
transition or by an external field. RLB and the stabilization effect, as
well as Zener ordering””*® (due to a symmetry change by an external
field), are just a few examples of this common origin. U
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Bending and buckling of carbon
nanotubes under large strain
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The curling of a graphitic sheet to form carbon nanotubes'
produces a class of materials that seem to have extraordinary
electrical and mechanical properties’. In particular, the high
elastic modulus of the graphite sheets means that the nanotubes
might be stiffer and stronger than any other known material*~,
with beneficial consequences for their application in composite
bulk materials and as individual elements of nanometre-scale
devices and sensors®. The mechanical properties are predicted to
be sensitive to details of their structure and to the presence of
defects’, which means that measurements on individual nano-
tubes are essential to establish these properties. Here we show that
multiwalled carbon nanotubes can be bent repeatedly through
large angles using the tip of an atomic force microscope, without
undergoing catastrophic failure. We observe a range of responses
to this high-strain deformation, which together suggest that
nanotubes are remarkably flexible and resilient.

Two mechanical properties of a material are of principal interest
here: the small-strain elastic modulus and the material strength. The
basal-plane elastic modulus of graphite, the largest of any known
material, confers on the nanotube its predicted extraordinary
stiffness®**. These expectations are consistent with reports of
transmission electron microscope (TEM) measurements taken in
the small-strain limit’, and atomic force microscope (AFM) mea-
surements which were extended beyond the linear elastic regime®.
Although the high stiffness is predicted to provide an improvement
over existing materials, it is the nanotube’s unusual strength which
is its most distinguishing property. The unusual strength arises from
the high stiffness, expected to be consistent with the modulus of
graphite, combined with extraordinary flexibility and resistance to
fracture. It is this latter feature which will distinguish nanotubes
from graphitic fibres as an engineering material. Two theoretical
approaches to understanding and predicting the large-strain
behaviour of carbon nanotubes are atomistic molecular-dynamics
simulations and continuum mechanics. The remarkable correspon-
dence between the two approaches and TEM observations has been
appreciated recently in the case of the smallest single- and double-
wall tubes under flexural strains which produce buckling
deformations’. Large multiwalled nanotubes (MWNTs) present
challenges to both theoretical approaches in that molecular-
dynamics simulations are limited in the size of the system that
can be modelled, and continuum mechanics has been most success-
ful in the thin-shell limit.
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Knowledge of the large-strain behaviour of carbon nanotubes
relies largely on the TEM observations of as-deposited, small-
diameter tubes. Typically, many small kinks are seen on the
compressed side of an otherwise smooth bend in a MWNT'!;
molecular-dynamics simulations predict this kinking to be rever-
sible even under very severe bending'>. This is consistent with
indirect evidence of reversible buckling of a carbon nanotube
while attached to an AFM probe®. This indicates a fibre of unusual
strength. Until now, experimental evidence of the structure of bent
nanotubes has relied largely on finding nanotubes which have been
bent either during the deposition procedure or through the distor-
tion of the substrate'>'. Ideally, experiments should be performed
where the full history of the strain, including the initial condition of
the tube and the reversibility of the structure, is known. Using a
unique interface for atomic force microscopes, we have performed
intricate bending of MWNTs to large strains.

Samples were prepared by solvent evaporation on mica substrates
of an ethanol solution of raw carbon soot (produced from the
carbon-arc technique'®). The carbon nanotubes were imaged and
manipulated under ambient conditions. The ‘Nanomanipulator’
AFM system, designed for manipulation, comprises an advanced
visual interface, teleoperation capabilities for manual control of the
AFM tip and tactile presentation of the AFM data (Discoverer,
Topometrix Inc., Santa Clara, CA)'®". Initially, the tubes are
straight with no apparent structural defects. The AFM tip is used
to apply lateral stresses at locations along the tube to produce
translations and bends. The friction between the tube and the
substrate pins the tube in its strained configuration for imaging.
On some samples, however, the tube/substrate friction is too low to
maintain the highly strained nanotube, and relaxation of the tube is
observed during AFM imaging.

A carbon nanotube, pinned at one end by carbon debris, was bent
into many configurations. The inset of Fig. 1a shows the tube in its
original adsorbed position and orientation. The abrupt vertical step
on the left side of the tube was used as a reference mark (s = 0,
where s is the measured distance along the tube centre line) for
feature locations. The nanotube was taken through a series of 20
distinct manipulations, alternately bending and straightening the
tube at various points. We present images from this sequence to
highlight specific features (Fig. la—d). Along with AFM topo-
graphic data, we also show the tube height along the tube’s centre
as determined by the cores method'®'’, along with the calculated
curvature (Fig. 1le—h). We will refer to raised points on the tube as
‘buckles’, consistent with the increase in height expected from the
collapse of a shell in response to bending. We observe two beha-
viours in this sequence: small, regularly distributed buckles at
regions of small curvature and large deformation at high curvatures.

We focus first on the regularly spaced buckles occurring in the
more gradually bent region (Fig. 1a, lower right). Figure 1b and ¢
shows the tube as it is bent in opposite directions. The location of
the buckles has shifted dramatically, with the buckles of Fig. 1c
appearing in regions which had been featureless, and the buckles of
Fig. 1b largely disappearing. The buckles appear with a character-
istic interval independent of their absolute position along the tube.
This suggests the buckling is reversible, intrinsic to the nanotube
and not mediated by defects. The strong correlation between tube
curvature and the location of buckles confirms their role in reducing
curvature-induced strain. Buckling in bent shells are well known in
continuum mechanics® where two modes of deformation result
from pure bending stresses. The Brazier effect causes the circular
cross-section of the tube to become more ‘ovalized’ uniformly over
the whole tube length® as the bending curvature increases. Bifurca-
tion, on the other hand, leads to a periodic, low-amplitude rippling
of the tube wall on the inside of the bend (the portion under
compression). Experiment and theory show*' that both modes often
occur simultaneously, and lead to single-kink collapse as the
bending moment reaches its maximum critical value. The axial
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