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Abstract

A partially crystallized amorphous TisoNiysCuys melt-spun ribbon showing spherical particles in martensite has been investi-
gated. Microstructural observations support the hindering of the martensitic transformation as well as the production of additional

autoaccommodated structures nearby the interface compared with the ones used inwards.
© 2004 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Almost-ready-to-use metallic ribbons may be pro-
duced by melt-spinning, avoiding complex thermome-
chanical treatments needed after conventional casting,
and thus leading to cheaper shape memory alloys
(SMA) for certain applications. However, this rapid
solidification technique also introduces particular mi-
crostructures, e.g. a reduction of the grain size when
increasing the wheel velocity (i.e. cooling rate) [1,2]. In
certain alloys, a high cooling rate can even produce
amorphous as cast melt-spun ribbons, which has been
used in other fields for casting amorphous metals [3,4].
Among Ni-Ti based SMA, TisoNisy_,Cu, and Nisy-
Tiso_ Me, alloys (with Me =Hf, Zr, Nb) have been re-
ported to be (partially) amorphous after melt-spinning
when using a significant amount of the third element as
well as a high cooling rate [5,6].

Although production of amorphous material may
seem useless in the field of SMA, the exceptional duc-
tility of metallic amorphous alloys can be used for
shaping the materials, which will exhibit shape memory
properties after crystallization. Then, modifying the
crystallization parameters during the subsequent crys-

*Corresponding author. Tel.: +32-3-265-247; fax: +32-3-265-257.
E-mail addresses: rtuben.santamarta@uib.es (R. Santamarta),
nick.schryvers@ua.ac.be (D. Schryvers).

tallization process, it might be possible to control the
final crystalline structure and, therefore, some properties
of the martensitic transformation. Several works on this
new attractive idea have been carried out in TisoNiys-
Cll25 [7,8] and Ni50Ti32Hflg [9]

In addition to that, further investigations have also
been performed on completely crystallized TisoNipsCuys
ribbons [10-14], especially stimulated by the specific
properties of these alloys. Cu substituting Ni in the
binary Ni-Ti decreases the transformation hysteresis
and the effect of cycling processes on the transforma-
tion, as well as the sensitivity of the transformation
temperatures to composition changes [15,16]. Besides
these features, the transformation sequence in Ti-Ni—Cu
alloys depends on the Cu content [15]. For Cu contents
below 10 at.% the monoclinic B19’ martensite is formed
on cooling from the cubic B2 austenite, as in the binary
Ni-Ti. The intermediate orthorhombic B19 martensite
appears when the Cu concentration is approximately
between 10 and 15 at.%, the transformation sequence
becoming B2 — B19— B19'. Finally, higher Cu addi-
tions shift the second step to lower temperatures and
usually only the B2 — B19 transformation is observed
above room temperature (RT) in bulk alloys.

On the other hand, some microstructural character-
ization has also been performed during the first steps
of the crystallization of an initially amorphous
TisoNiysCuys melt-spun ribbon, in which some single-
and multi-grain spherical particles in austenite have
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been observed by transmission electron microscopy
(TEM) [17,18]. The aim of the present work is to focus
on similar spherical particles in martensite and in par-
ticular on the effect of the interface with the amorphous
regions on the martensitic transformation.

2. Experimental procedures

An initially amorphous ribbon was prepared by sin-
gle-roller melt-spinning from a pre-synthesized TisyNis-
Cuys alloy. The bulk alloy was prepared from high
purity metals by melting several times in an argon arc
furnace. Afterwards, the obtained ingots were re-melted
in quartz crucibles under a purified helium atmosphere
and ejected onto a rotating wheel with a surface speed of
37 m/s. The cooling rate obtained during the fast
solidification was around 5x10° K/s, producing an
amorphous ribbon ~40 um thick and 1.7 mm wide.

Pieces shorter than 3 mm were cut from this ribbon
and then enclosed into quartz crucibles under high
vacuum conditions. Isothermal treatments at relatively
low temperatures (30 min at 420 °C or 10 min at 424 °C)
have been performed in a tubular furnace followed by
water quench in order to obtain partially crystalline
specimens. The parameters of the thermal treatment
have been selected slightly higher than the crystallization
temperature, after DSC experiments carried out on the
same ribbon [8], seeking for a higher control of the
crystallization process.

Samples for TEM were obtained from these pieces by
double jet electropolishing at ~25 V (~0.15 A) using an
acetic acid solution with 8% of perchloric acid yielding
plan-view samples. Conventional TEM studies have
been carried out on a Philips CM-20 twin microscope
operating at 200 kV and equipped with an energy dis-
persive X-ray (EDX) spectrometer.

3. Results

Thermal treatments around the crystallization tem-
perature (30 min at 420 °C and 10 min at 424 °C in the
present work) result in a distribution of few spherical
particles around 3-5 pm or 7-8 pm, respectively,
embedded in large regions of amorphous matrix. The
growth of the particles and the formation of possible
crystalline—crystalline grain boundaries, either by
developing multi-grain particles or by contacting adja-
cent ones, occur at high temperatures at which the
crystalline structure is austenite. On the other hand, the
main structure of the particles at RT is martensite
indicating a martensitic transformation upon quench-
ing, in contrast to the smaller spherical particles that
remain in austenite after a treatment of 10 min at 420 °C
[17,18].

Fig. 1. Micrograph and ED (inset) of a region showing monoclinic
martensite. The ED shows mainly the contribution from the variant
with darker contrast in the micrograph.

Electron diffraction (ED) patterns from the particles
in martensite normally show the common B19 ortho-
rhombic martensitic phase of the TisoNisy_Cu, system
with x > 10 at.% Cu. This martensite is often arranged
in the typical {11 1}p9 type I twinning described in [19],
two unique variants being sometimes extended through
entire grains or particles with rather regular spacing.
However, some particles showing the monoclinic phase
have also been occasionally observed (Fig. 1).

Fig. 2a shows part of a spherical particle with
orthorhombic martensite exhibiting a fine twinning ex-
tended almost all over the entire grain. However, a
closer look to the bottom of Fig. 2a shows that the
autoaccommodated martensite not always reaches the
interface with the amorphous regions (Fig. 2b). This
effect has often been observed at the interfaces with the
amorphous regions but not at the interfaces between
two different crystalline regions or particles (e.g. upper
right corner of Fig. 2a). ED patterns from both regions
in Fig. 2b confirm the orthorhombic martensitic struc-
ture (Fig. 2c) of the left part in Fig. 2b (i.e. inner part of
the grain) and the austenitic structure (Fig. 2d) of the
non-twinned region close to the interface. Moreover, the
orientation relationship between both phases can be
described by the lattice correspondence between B2 and
B19 structures detailed in [19], indicating that the entire
region belongs to the same original parent crystal.

Fig. 3a shows a section from another particle again
containing twinned orthorhombic martensite. As in the
previous case, the martensitic transformation is not
completed nearby the interface with the amorphous re-
gion, forming a “saw-like” morphology in this zone. In
order to better appreciate this special morphology, a
scheme of Fig. 3a (Fig. 3b) has been drawn with the help
of dark field (DF) images (Fig. 3c and d). These DF
images have been obtained by selecting spots from single
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Fig. 2. (a) Micrograph of a particle with {111} type I twinning ex-
tended over the grain. (b) Micrograph in another orientation of the
outlined region in (a), in which it is observed that the autoaccommo-
dated martensite does not reach the interface with the amorphous
phase. (c) and (d) ED from the inner and outer part of the crystalline
region in (b).

variants, which are arbitrarily labelled as M and T (Fig.
3c and d, respectively), in the corresponding ED of the
region (Fig. 3e). Variant M (lighter contrast in Fig. 3c)
exhibits platelets that do not reach the interface; on the
other hand, variant 7 (lighter contrast in Fig. 3d) grows

closer to the interface, even with some tips of the
platelets reaching the end of the crystalline region. The
interfaces between the two martensitic variants are ob-
served in edge-on conditions at this particular orienta-
tion and have been identified as the (111)y,, twinning
planes of the autoaccommodated martensite. Half of
these twin planes become austenite-martensite inter-
faces in the part closest to the edge where the 7 variant
continues and the M variant has ended. The remaining
twin planes end in a re-entrant corner leaving two mir-
rored interfaces of which the traces match with the
{334}p, planes, which were reported to be near the B2—
B19 interface in a Tiy sNize sCuyg alloy [20].

Besides the particles showing an incomplete martens-
itic transformation close to the interface with the amor-
phous regions, other particles undergoing a complete
transformation at RT have also been observed (Fig. 4).
In these cases, no noticeable contributions from austenite
have been detected in ED from regions nearby the edge of
the particles. Fig. 4a shows one completely transformed
particle with orthorhombic martensite arranged in
{111}y9 type I twins in the inner region, although the
twinning plane is not observed in edge-on conditions, as
in the two previous cases. Instead of regions with aus-
tenite, some additional ways of autoaccommodation
have been observed nearby the interface with the amor-
phous regions, which seem not to be required in the inner
part of the particles. These supplementary defects are
apparently originated as a consequence of the amor-
phous—crystalline interface and may be observed either
only in the vicinity of the interface, as in Fig. 4a, or
somewhat extended towards the central part of the par-
ticles, as shown in another particle (Fig. 4b). Although
the new autoaccommodated structures likely seem to be
twins, their small volume fraction and the superposition
in ED patterns with contributions of the inner structure
do not allow to completely determine whether their
structure is purely orthorhombic, as the one in the
internal part of the particle, or slightly monoclinic.

4. Discussion

The present results clearly show that the normal
course of the martensitic transformation may be inhib-
ited by the existence of a crystalline-amorphous inter-
face (i.e. a decrease of the transformation temperatures
is promoted). The surface energy of the interface likely
yields the stabilization of the austenitic phase, either by
lowering the Gibbs energy of the austenite or by rising
the non-chemical terms in the energy balance equation
of the martensitic transformation, which oppose the
transformation. Indeed, the effect of the amorphous—
crystalline interface on the transformation temperatures
observed here seems to be the same as that of a smaller
grain size reported in other works (i.e. smaller particles
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Fig. 3. (a) and (b) Micrograph and scheme, respectively, of another particle showing an incomplete martensitic transformation nearby the interface.
(c) and (d) DF of the variants M and T obtained selecting the 102y and 01 11 spots from the ED. (e) ED from the zone in martensite.

Fig. 4. (a) and (b) Two different particles showing additional autoaccommodated structures (outlined by ellipses) nearby the interface with respect to

the ones used in the centre of the particles.

show lower transformation temperatures). In the case of
the present crystalline particles surrounded by amor-
phous regions this effect becomes evident as small par-
ticles remain in austenite whereas larger ones, with the
same chemical composition, are mainly in martensite
[17]. The lowering of the transformation temperatures
when decreasing the grain size was also traditionally
attributed to the increase of the surface/volume ratio,
which increases the non-chemical energy terms when
grain size reduces.

However, no retained austenite has been observed at
the crystalline—crystalline interfaces in the present work,
either between grains in the same particle or between
different particles. Therefore, it is evident that the crys-
talline—amorphous interface is much more effective in
lowering the transformation temperatures than the
crystalline—crystalline interface, probably due to a higher
energy surface and, thus, a higher relaxation length. The

existence of a higher energy surface in the crystalline—
amorphous interface was also supposed to play an
important role during the formation and growth of the
multi-grain spherical particles described in [18]. This
stronger decrease of the transformation temperatures
would clarify the existence of smaller grains (below 1 um)
showing martensitic structures in completely crystallized
TisoNiysCuys samples, as pointed out in [17], whereas
particles with comparable sizes are always in austenite
when being surrounded by amorphous regions [17,18].
The further decrease of the transformation temperatures
for crystalline particles surrounded by amorphous re-
gions with respect to grains with similar size but sur-
rounded by other crystalline grains was also observed for
partially and completely crystallized Nisy-TizHfg rib-
bons [9].

In addition, the results shown here demonstrate the
existence of extra accommodated morphologies nearby
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the amorphous interfaces of some particles, again indi-
cating the difficulties to follow the normal transforma-
tion or accommodation near the crystalline-amorphous
interface. These difficulties for the planes of the mar-
tensitic regions to adapt with the amorphous interface
could be lower for some specific planes or orientations,
then promoting extra single or twinned martensitic
platelets in more favourable orientations. Alternatively,
one variant of a previously twinned region could be
further hindered with respect to the second one for the
same reason, resulting in morphologies similar to the
ones in Fig. 3.

Finally, the existence of a monoclinic martensite in the
present TisyNiysCu,s alloy should be noted. The origin of
this structure is not related with any deviation from the
nominal composition, as the crystalline regions show the
same chemical content as the amorphous matrix [17].
Thus, to some extend, the present observations support
the controversial results obtained by Goryczka et al. on a
completely crystallized TisoNiysCuys melt-spun ribbon,
in which the existence of a 14 wt.% of B19’ phase in a B19
matrix was found by quantitative phase analysis per-
formed with Rietveld refinement [21]. However, it has to
be pointed out that in our case the monoclinic angle is
notably lower (around 92°-93°) with respect to the
monoclinic angle of the B19' phase observed in
TisoNipsCuys (95.6°) [21] or in the TisgNisy_-Cu, system
for x <10 at.% Cu (96.8°) [15]. Therefore, this mono-
clinic structure could be the consequence of either a
further decrease in the monoclinic angle of the same B19’
structure with increasing Cu content, as reported in [22]
for compositions up to 10 at.% Cu, or to local defor-
mations of the original orthorhombic structure.

5. Conclusions

An amorphous Tis)NipsCups melt-spun ribbon has
been partially crystallized by thermal treatments
obtaining spherical particles, mainly in martensite, sur-
rounded by large amorphous regions. TEM observations
of these particles at RT show regions next to the crys-
talline-amorphous interfaces with retained austenite, as
a result of the decrease of the martensitic transformation
nearby these interfaces (i.e. a more stable austenite).
Therefore, the effect of the amorphous interface is the
same to that of a smaller grain size, which also decreases
the transformation temperatures as a consequence of a
higher surface/volume ratio, although the crystalline—
amorphous interfaces show a higher effectiveness than
the crystalline—crystalline grain boundaries in this sense.
In addition, the use of new autoaccommodated struc-
tures nearby the interface with respect to the ones
existing inside the particle has been observed in other

particles. This further indicates the higher difficulties to
undergo a normal martensitic transformation in the
vicinity of the amorphous—crystalline interface.
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