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Phase-mix, phase transformations and crystallographic texture of amorphous/nanostructure melt-spun
ribbons of Ti;NiCu were studied using X-ray diffraction and nano-indentation. Their peak two-way
shape-memory effect occurs when most of the austenite (cubic, B2) phase has converted to martensite
(orthorhombic, B19), but before grain growth takes place. The melt-spinning process imparts strong B2
{100} texture that is retained as B19 (100) and (01 1) after phase transition during subsequent anneal-
ing. Because the phase transformation and texture strongly depend on the annealing process, it should be
possible to tailor them for further improving their performance.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Nitinol and related alloys exhibit two extraordinary, closely-re-
lated properties: shape memory effect (SME) and superelasticity.
When these alloys are nanostructured, they demonstrate outstand-
ing strength and reliability [1]. Nanostructured NiTi produced from
coarse grained one by severe plastic deformation (SPD) technique
is significantly stronger, more reliable and provides larger counter-
force than traditional Nitinol [2]. Ti;NiCu rapidly-quenched alloys
are of particular interest for application in MEMS technology be-
cause of their perfect SME, narrow hysteresis and high reliability
[3]. Recently the nanostructured Ti,NiCu alloy have been produced
by entirely different technique - controlled annealing from amor-
phous state (CAAS) and applied to design of record small nano-
tweezers [4-9]. The key to the performance of shape-memory
alloys is their crystalline structure and the orientation relationship
between the austenite and martensite; hence, the understanding of
the effect of processing on the structure is critical for optimizing
properties.

2. Background

Copper, replacing some of the nickel atoms in Nitinol, causes
the martensitic transformation temperature to increase. Copper
also improves the corrosion resistance of the alloy, results in nar-
row hysteresis and prevents the formation of TisNi, precipitates
[9-11], all are beneficial properties. The crystalline structure of
the final martensitic phase, as well as that of the intermediate
phases, strongly depends on the amount of copper in the alloy.
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Above 15% Cu the martensitic structure of bulk Ti,NiCu is ortho-
rhombic B19 [12].

The technology used to prepare the alloy and subsequent heat
treatments, have a strong effect on the crystalline structure and
the nature of phase transformation. Non-conventional casting
techniques (such as melt spinning) are increasingly used for the
production of shape memory alloys with desirable properties [13].

The shape memory feature of Nitinol-based alloys is affected by
the stress-induced martensitic transformation. The nature of the
crystallographic texture plays, then, a key role in the mechanical
properties of the alloy. The texture that develops in Ti;NiCu de-
pends strongly on the geometrical shape of the part as well as on
the processing parameters [14-16]. It is essential to study the char-
acter of the crystallographic texture and to try to control it for
maximum performance.

3. Materials and methods

Melt-spun ribbons of Ti;NiCu were prepared by very rapid quenching. They
were 40 pm thick and 1.8 mm wide. Then the as-spun ribbons were treated by
CAAS technique. They were annealed by passing puises of electric current through
the ribbon. The electric pulse causes the ribbon temperature to rise. When it
reaches the T, value, the crystallization process starts and continues till the pulse
ends. Because the resistance (R) of crystalline ribbons, R, is smaller than that of
amorphous ones, R,, the crystallization process under current can be controlled
by measuring the resistance R of the sample.

The fraction of the crystalline phase can be approximated by r=(R,—R)/(R,.
—R¢) x 100%. Samples were chosen with r values in the range between 0 (as-spun
ribbon) and 96% (‘almost fully crystallized’).

More details of sample preparation are given elsewhere [5].

4. Experimental procedure

Recoverable strain was measured in bending. The samples were
deformed in bending in the martensite state with the use of glass
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cylinder of 3 mm in diameter. The temperature was then changed
in cycles to determine shape recovery due to SME.

X-ray diffraction scans were conducted on each side of the rib-
bon using Philips vertical goniometer with Cu Ko radiation
(2 =0.1541 nm). The penetration in these alloys is about 8 um
and therefore each side represents about 20% of the ribbon (to a to-
tal of 40%).

Nano-indentation tests, using MTS XP Nanoindenter, were con-
ducted on the cross section of the samples. For each sample, three
positions were tested. The results were compared to DSC tests that
were used to study the martensitic transition.

5. Results and discussion

After the thermal cycles, the samples partially or almost fully
recovered to their initial shape. The remarkable fact was that some
of the samples curved again after cooling to below the martensite
transformation. That means that a manifestation of two-way shape
memory effect (TWSME) was observed. The recoverable deforma-
tion Ae was calculated as the difference between bending defor-
mation in martensite and austenite. A¢ versus the approximate
fraction of the crystalline phase r (based on resistance) is given
in Table 1.

The air-side X-ray diffraction results of the as-quenched sample
(Fig. 1) show that although the bulk of the ribbon is almost entirely
amorphous at this condition (as determined by the resistance R), a
thin layer close to the surface is crystalline that is almost entirely
B2 (austenite) phase with lattice constant a=0.3040 nm. The
phase is highly-textured with the {100} plane parallel to the rib-
bon surface, as is evident from the absence of all other peaks. This
is different than the texture found in bulk Ti,NiCu where the room
temperature phase is martensite; this structure results from the
very rapid quenching. Considering the sensitivity of the developing
texture to sample geometry and processing parameters [14] this
result is reasonable. This sample contains also small amount of
orthorhombic (B19) phase with lattice constants a=0.2914 nm;
b=0.4284 nm; c = 0.4515 nm. The martensite of Ti,Ni;_,Cu, when
x>0.15 is known to be orthorhombic. The B19 phase is also tex-
tured with (011) and (100) planes parallel to the surface. Consid-
ering the martensitic transformation takes place by shear of the
cubic phase, this preferred orientation relationship is not
surprising.

X-ray diffraction scans of the air-side of annealed ribbons with a
range of amorphous to crystalline (r) ratios shown in Fig. 2. Phase
transformation from austenite (B2) to martensite (B19) starts even
with slight annealing and occurs in one step (i.e. there is no B19’
intermediate phase); the crystallographic textures of the austenite
{100} and of the evolving martensitic phase (B19) with the (011)
and (100) planes, remain strong. For samples with r>0.60 the
amount of B2 diminishes and the structure is that of textured mar-

Table 1
The recoverable deformation A¢ induced by TWSME vs. r.
r (%) (approximate fraction of crystalline phase) Ae (%)
96 0
89 0
80 Close to O
69 <0.8
63 0.8
60 0.8
29 0
22 0
0 0

B2{200}
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Fig. 1. X-ray scan of the air-side for an as-quenched sample.
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Fig. 2. X-ray scans of the air-side for different r values.

tensite (B19). At this stage the TWSME performance is best, until
grain growth starts at high r values.

X-ray diffraction scans of the wheel-side of ribbons with differ-
ent annealing conditions are shown in Fig. 3. The as-cast sample is
essentially amorphous. Then B2 phase crystallizes from the amor-
phous bulk. Subsequent annealing results in close to entire phase
transformation to B19 (orthorhombic).

The results of nano-indentation performed on the cross-section
of the ribbons are shown in Fig. 4. It is known that in these alloys,
the martensite is much softer than the austenite so the observed
drop in hardness is associated with the increase in B19 concentra-
tion and diminishing amounts of B2. The results also coincide well
with DSC measurements that are also shown in the figure.
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Fig. 3. X-ray scans of the wheel-side for different r values.
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Fig. 4. Nano-indentation of the cross-section of the samples. The martensite is
much softer and the drop in hardness is interpreted as the increase in B19
concentration. The results also correlate well with DSC measurements (W - thermal
energy per one gram, extracted on cooling or absorbed on heating).

6. Conclusions

1. The process of melt-spinning is strongly inhomogeneous and
results in a mixed amorphous-crystalline structure of ribbons
that is highly textured.

. The first phase to crystallize is austenite (cubic) B2.

3. The transformation to martensite (orthorhombic) B19 is direct

(i.e. occurs in one-step with no intermediate phases formation).

4. When most (but not all) of the ribbon has transformed to mar-

tensite, the TWSME performance is best.

5. On the air-side both austenite and martensite display a strong

texture, with the B2 {100} and B19(100) and (01 1) are parallel
to the surface of the ribbon.
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