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Abstract: Cu-Al-Ni shape memory alloy (SMA) ribbons were cast by free jet melt spinning.
Completely martensitic wide ribbons, containing more than 13 wt. % Al and having a single
layer columnar structure, could not be obtained. All ribbons exhibit shape memory effect
already in as-cast condition. Heat treatments improved the properties of the ribbons.
Microstructuresin as-cast and in heat treated condition are discussed.
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1. INTRODUCTION

Cu-Al-Ni shape memory alloys are at present the only aternative if high transformation
temperatures are required. The temperatures of martensitic transformation can be “ adjusted”
between —200°C and 200°C [1]. The shape memory properties are based on properties of the
high temperature binary Cu—Al phase 3, having a body centred cubic structure. Nickel in
ternary alloys slows down the diffusion of Cu and Al; in this way Ni efficiently helps to
suppress the decomposition of the parent phase 3 during cooling, until the Mctemperature is
reached. The optimal chemical composition is about 14 wt. % Al and 3 to 4.5 wt. % Ni [2].
Transformation temperatures decrease with increasing Al-content. At 14 wt. % Al the M«
temperature lies already around the room temperature.

Conventional production of thin ribbons (rolling) from brittle intermetallic 3—phase alloys
(like Cu-Al-Ni) is time consuming, work intensive and costly. Melt spinning is one of the
most suitable methods to produce thin ribbons directly from the melt. The cooling rates at
melt spinning of body centred cubic alloys are in general high enough to obtain martensitic
ribbons [3]. Therefore shape memory effect is exhibited already in as-cast condition.

The most important disadvantage of polycrystaline Cu-Al-Ni aloys is small reversible
deformation (up to 4%) due to intergranular brake down aready at low average stress levels.
Among the main reasons for low failure stress are coarse structure and high elastic anisotropy
(E<111>/ E<o01> = 13), causing high shear concentrations on the grain boundaries, figure 1a. At low
wheel speeds Cu-Al-Ni ribbons consist of severa crysta grain layers, at moderate wheel speeds
of two, and at high wheel speeds (cooling rates) of a single columnar grain layer. In ribbons
having a single layer columnar structure a fibre texture was observed [4] (Eucken-Hirsch texture)
- crystallographic direction [001] of al grains is perpendicular to the ribbon surface, and
directions [100] or [110] are pardle to the longitudina ribbon-axis [4, 5], figure 1b. Both, the
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single layer structure as well as the fibre texture contribute to improvement of ductility. In the
single layer ribbons there are less grain boundaries parallel to the ribbon surface (potentia crack-
initiation sites). And in case of Eucken-Hirsch texture adjacent grains have similar eastic
properties in the stress-direction; consequently shear stress concentrations on grain boundaries are
lower. The reversible strains of fibre textured Cu-Al-Ni ribbons reach up to 6.5 % [6] - significant
improvement compared to bulk materia and ribbons, consisting of severa layers of equiaxed,
randomly oriented grains. Maximal reversible strains can not be achieved if aloying dementslike
Ti, Nb, Cr, and B obstruct formation of the single layer columnar structure [4].
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Figure 1. @ Random grain orientation - adjacent grains can have extremely different
properties in load direction; b) Single layer columnar fibre textured structure-mechanical
properties of adjacent grainsin load direction are similar.

2. EXPERIMENTAL

Cu-Al-Ni aloys were melt-spun under a protective atmosphere (argon) in a free jet melt
spinner. All alloys contained 4 wt. % Ni and: 16 wt. % Al (alloy 1), 14 wt. % Al (aloy 2), 13
wt. % Al (alloy 3) and 13 wt. % Al + 0,035 wt. % B (alloy 4). As we wanted the ribbons to be
as wide as possible, relatively low wheel speeds, between 11.8 and 21.3 m/s, were selected.
Some aloy 2- and aloy 3-ribbons were heat treated (annealed and water quenched) to
improve the ductility. Alloy 1-ribbons were not heat treated because the required annealing
temperature would be dangerously close to the alloys solidus. Samples of all ribbons were
investigated in alight microscope. On alloy 1- and aloy 2-ribbon samplesin as cast condition
also EDX analysis in a scanning electron microscope was performed.

3. RESULTSAND DISCUSSION

The ribbons are between 25 and 240 um thick and up to 11 mm wide. The edges are fringed,
most likely because too high Reynolds-numbers of the gas boundary layer on the wheel surface.

Already the light microscopy of unpolished free surfaces allows one to make an educated
guess about the phase structure of the ribbons. The alloy 1-sample (figure 1a) obviously
consists of two phases. The surface morphology suggests presence of martensite. The alloy 2-
sample is similar, but contains less of the non-martensitic phase on the grain boundaries. The
alloy 3-ribbon seems to be fully martensitic, figure 2b.

Investigations of polished and etched samples (longitudinal and lateral cross-sections)
revealed that all ribbons in as-cast condition, regardless to their chemical composition, are of
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non-uniform thicknesses and have a single layer columnar structure only where the thickness
is under approx. 50 pm, figure 3b. Considering the grain size of 20 - 50 um, the cooling rate
must have been significantly under 10° K/s [7] — due to low wheel speeds and low thermal
conductivity of the alloys, 30 - 43 W/mK [1].

The assumptions about the phase structure were confirmed. A polished and etched sample
of the alloy 3-ribbon seems to be fully martensitic, figure 3b. Alloy 1 in fact consists of two
phases, figure 3a; in the darker phase the characteristic martensite-pattern can be observed.
The brighter phase must be the low-temperature phase y., which precipitated because of too
low cooling rate. Due to precipitation of Al-rich y, the Al-content in the remaining 3 phase
decreased and consequently Mg and M;¢ rose so far that martensitic transformation at |east
partially took place aready above room temperature. Alloy 2-ribbons have a similar structure
but contain less of the brighter phase on the grain boundaries.

Figure 3. Phase composition of ribbons: @) Alloy 1, as-cast, partially martensitic; b) Alloy 3,
as cast, martensitic; thin sections have a single layer columnar structure; c) Alloy 2, annealed
for 90 s at 800°C and water-quenched, martensitic.

After heat treatment, in the light microscope also the alloy 2-ribbons seem to be fully
martensitic, figure 3c. Annealing dissolved the y. precipitates and the cooling rate during
water quenching was high enough to suppress the precipitation of y,. If, beside martensite,
any other phase is present, it is residual austenite; namely, with respect to the chemical
composition of alloy 2, the Ms-temperature could already be below the room temperature.

The purpose of adding boron (aloy 4) was to assure a more uniform fine grained structure.
By adding boron we deliberately took the risk that boron could inhibit the formation of the
single layer columnar structure even in the thinnest sections. But we expected that higher
ductility of thick sections due to grain refinement would overbalance the drawback of not
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having the favourable structure. In fact the grain size of the alloy 4-ribbons is finer; compare
the figures 3 and 4b. But the thinner sections (higher cooling rate!) still have a single layer
columnar structure, figure 4a (due to low B-content; higher B-contents could worsen the
functional properties). Since the ductility of the ribbons increased, in spite of not obtaining a
uniform fine-grained structure, alloying with boron can be regarded as successful.

Figure 4. Microstructure of alloy 4 as-cast ribbons, interference contrast: @) Single layer
columnar structure of thin sections; b) Fine-grained structure of thick sections.

The aloy 4-ribbons show the best ductility, aloy 3 and alloy 2-ribbons follow; most brittle
are the dloy 1- ribbons. Heat treatment improved the ductility of aloy 2 and alloy 3-ribbons.
The light microscope investigations could not reveal any significant differences between as-
cast and heat treated aloy 3-ribbons. But better ductility of the heat treated ribbons indicates
that in as-cast condition alloy 3 isin fact not completely martensitic, but contains small, in the
light microscope undetectable precipitates of low-temperature phases which can be eliminated
by heat treatment (or at least strongly diminished).

All ribbons exhibit shape memory aready in as-cast condition. At hesat treated alloy 3-
ribbons the two-way shape memory effect could be observed already after one cycle of cold
deformation and unconstrained heating.

4. CONCLUSIONS

Already in as-cast condition ribbons of appropriate chemical compositions are
predominantly martensitic and exhibit shape memory effect even if spun with low wheel
speeds. Because of low thermal ductility of the Cu-Al-Ni aloys, with afree jet melt spinner it
is very hard to produce wide ribbons with fully martensitic single layer columnar structure.
Therefore heat treatment even for melt spun material can not be avoided. Boron improves the
ductility, but does not, if added in small amounts, obstruct the formation of single layer
columnar structure, if the cooling rates are high enough.
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