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Abstract

In the present contribution some recent results of advanced transmission electron microscopy applications on Ni—Ti based shape memory
materials will be reviewed. These will include the precipitate growth in binagyTNjs in which lens-shaped \Tis precipitates are grown and
which induce particular strain fields in the surrounding matrix influencing any ensuing martensitic transformation. Special image treatment
methods are used to measure the actual lattice deformations close to these precipitates. Also the crystallisation process oggNisi@yig Ti
melt-spun ribbons is investigated in which the focus is on the domain, interface and surface structure of micron-sized spherical B2 particles
growing inside the amorphous material. When particles grow larger, martensite plates as well as small planer defects are observed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction been performed on NTi3 precipitates and the surrounding
B2 matrix and it is shown that the matrix indeed strongly

The evolution of modern transmission electron micro- deforms in the neighbourhood of the precipitates.

scopes (TEM) to more integrated instruments allows for the  On the other hand, crystallisation of an amorphous ribbon

simultaneous investigation of different aspects of a material is governed by different physical processes. Micron-sized

while retaining most of the extremely high resolution and spherical-like particles are investigated in amorphous

precision of dedicated instruments. At the same time ad- TisgNi2sCups melt-spun ribbons in order to understand

vanced imaging capturing techniques and treatments yield athe grain and domain formation during growth and phase

more quantitative interpretation of the obtained data which transformation in such particlegl,5]. Single as well as

could eventually lead to materials design instead of a meremulti-grain B2 particles of different sizes have been ob-

description of the occurring micro- and nanostructures. served while the appearance of martensitic plates is found
In superelastic Ni—Ti alloys the effects of precipitates in in particles with a diameter aboveun.

the austenite matrix on the transformation processes of the

latter have been studied befdie-3], but no clear data on

the actual lattice deformations in the nanoscale vicinity of > Regylts and discussions

the precipitates is available. In order to provide more insight

in these complex processes, high resolution TEM (HRTEM) 2 1. Nj,Ti5 precipitates in Nis1Tiag

combined with numerical analysis of the imaging data has

Nis1Tisg rods were heat treated in order to formyNiz

- precipitates of different numbers and siZés7]. A typi-
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ther away the differences increase up to 6% at 50 nm with
respect to the precipitate spacings, which corresponds to a
matrix distortion of around 4%.

Still, the use of calculated reciprocal space data from se-
lected regions from a lattice resolution image implies aver-
aging over several unit cells. In the present case an optimised
box size of 5 nmx 5nm was used for the Fourier transform.
More advanced methods like the DALI procedure optimise
the contrast of the real space image from which then the
position of every white dot can be compared to a reference
lattice [10]. For these methods, however, the quality of the
Fig. 1. (a) Typ_ical distribution of the lens-shaped; N precipitates. (b) original image needs to be very high at every location in
Hexagonal unit cell. the image, whereas the first approach can also work with

some diffuse locations as long as these are small compared
lattice dimensions resulting in a denser pacK®@]. How- to the used box. First attempts to apply the DALI procedure
ever, mostly the hexagonal cell depictedrig. 1bis used. seem to indicate that the matrix is strongly expanded in the
These contractions are not isotropic yielding the lens shapefirst few unit cells next to the interface, but that this distor-
with the strongest changes in lattice parameter in the direc-tion rapidly decreases over a distance of a few nm, which
tion perpendicular to the central plane of the lend-ig 2a explains why it is not detected by the first approach which
HRTEM image of two touching NiTi3 precipitates observed  averages over such a small region. Further away from the
normal to their central plane (i.e., tlzeaxis of the hexago-  interface the DALI procedure confirms the earlier results.
nal cell) is shown, together with the corresponding electron
diffraction (ED) pattern and simulated HRTEM image, con- 2.2. Micron-sized particles in amorphous TisgNi2sCuzs
firming the unit cell suggested by Tadaki et[&]. The six- melt-spun ribbons
fold supersymmetry is clearly visible. The grain boundary
between both precipitates is observed edge-on but does not Partial crystallisation of amorphoussgNi>sCuyps ribbons
follow a simple crystallographic plane. was performed by selected heat treatments in order to obtain

In the directions most strongly affected by the contraction a distribution of individual micron-sized crystalline particles
changes up to 3% of interplanar spacing, in the following in the amorphous matrix (details on the materials and sam-
referred to as %d, with respect to the B2 matrix exist. By ple preparation are given i&]). After thinning to electron
using HRTEM imaging combined with special image treat- transparency, close to all B2 particles show a circular shape
ment and measuring algorithms, including Fourier transform indicating that the general three-dimensional shape will be
of lattice resolution images and curve fitting of resulting spherical. From this, an isotropic growth can be envisaged,
diffraction spots, these changes can be measured. Any disirrespective of the internal microstructure of a given parti-
tortions in the digital images were measured on a picture cle. Two typical examples of such particles are presented
of undistorted material. From this a precision of these mea- in Fig. 4a and bshowing a single grain and a multigrain
surements of 0.6%Ad is found. An example is shown in  particle, respectively. In both particles a central and more
Fig. 3in which the relative change of the-01); inter- bright circular region of about 100 nm diameter is observed.
plane spacing is compared with respect to the correspond-Selected area ED of a bigger central region (not shown) re-
ing set of planes inside the precipitate which are taken as aveals that this material also has the B2 structure which could
reference. For this direction, the undistorted austenite ma-indicate local etching by the thinning procedure at an inter-
trix has a relative difference with the precipitate spacing of nal defect structure. Energy dispersive X-ray analysis indi-
2.1% which is measured very close to the interface. Fur- cates that the particles are homogeneous in composition and
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Fig. 2. [001] HRTEM image and corresponding simulation and ED pattern ofs&iNprecipitate.
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Fig. 3. Measured relative difference for the {01)s; interplanar distances with respect to the corresponding spacing in the precipitate. Close to the
precipitate-matrix interface the matrix is undistorted (2% difference with precipitate reference) whereas the distortion increases afulitianeesy
from the precipitate.

Fig. 4. Micrographs from the$jNi»sCups ribbon after a thermal treatment of 10 min at 693 K showing two spherical particles with a hole in the centre:
(a) single grain and (b) multigrain.

Amorp.|Amorp.| Cryst. | Cryst.

Ti (at.%) 51.2 | 51.1 | 50.9 | 51.0

Cu(at%) | 247 | 248 | 25.1 | 248

Fig. 5. Averaged EDX spot analysis indicating no compositional change during crystallisation.
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A

Fig. 6. (a) [001] HRTEM image revealing a stepped interface with preferencglf6i0} and {110} surface edges for a B2 particle in the amorphous
matrix and (b) a Fourier filtered [111] HRTEM images highlighting i€l O edges.

retain the chemical ratio’s of the amorphous material, as responding twin planes. At this stage it seems that most of
seen inFig. 5and the corresponding table listing averaged the two-dimensional images of thinned particles can be ex-
values obtained from several similar areas. plained by a so-called citrus model in which the different

Although the surface of the particles looks very sharp grains can be considered as the sections or segments of a
with a smooth curvature in the images Bifg. 4 a more citrus fruit and which grow radially from a central common
close observation under HRTEM conditions reveals a more line [11]. Depending on the cut one would see different dis-
stepped structure. Indeed, in the HRTEM imagéd-f. 6a tributions of these sections.
with the particle lattice observed in a [0 0 1] zone the edge of When the particles are allowed to grown to diam-
the crystalline area is delineated indicating a preference foreters above 4m by a suitable heat treatmerg],
{100} and{1 1 0} surface planes. The same can be observed multiple-twinned martensite structures are observed. De-
in other zone orientations such as [11 1], e.g. by improving pending on the particle, the martensite plates are seen to
contrast using Fourier filtering as shownHig. 6h originate from a single or multigrain situation. Fig. 7 an

As for the multigrain B2 particles, cases with only two or example of such a particle is shown together with a blow-up
up to six different grains can be found. Other examples can of the surface region from another particle. From the latter
be found in the contribution by Santamarta and Schryvers and the corresponding diffraction patterns it is clear that the
[4] where the crystallographic relations between the differ- martensite twin variants end in a tooth-like configuration
ent grains are further investigated. In most cases typical bccand do not completely extend to the edge. Instead, retained
twinning relations are observed between adjacent grains, al-austenite exists in between the martensite plates and the
though the grain interfaces do not correspond with the cor- surface of the particle.

Fig. 7. Micrographs from spherical particles after 10 min at 697 K showing (a) multiple martensite plates and (b) a tooth-like configuration of ending
martensite variants with retained austenite (grey areas) at the surface.
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3. Conclusions

15

sitions in Crystalline Solids”. Giovanni Zanzotto, Dick
James and Gero Friesecke are acknowledged for useful

The present contribution reviews some recent results ondiscussions.

precipitation and crystallisation features in Ni-Ti-based

shape memory materials. Despite the fact that these SYS"References

tems are already being used for practical applications,
still the basic physical processes leading to the relevant
microstructures are not completely understood or even
described. In the future these results will be comple-
mented by nano-spot elemental analysis for the binary
material and more detailed HRTEM and three-dimensional
studies on the crystalline particles in the amorphous
ribbons.
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