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Abstract

There is considerable potential for the use of thin film shape memory alloys in
the field of microtechnology due to their high power to volume ratio. The main
obstacles for fabrication arise mainly due to the narrow regime over which
shape memory behaviour is observed and the paucity of process techniques.

Shape memory transition in brass only occurs in the alloy composition range
38.5 -41.6 wt % % zinc.

This study used a pyrophosphate electrolyte containing Cu,P207, Zn,P20;
salts and an excess of K4P20; and KNOj, for brass deposition as a
replacement for cyanide electrolytes because it is non-toxic and non-
corrosive. A rotating disc electrode was employed to systematically examine
polarisation data and a rotating cylinder electrode was employed to produce
thin brass films and deduce the current efficiencies of copper, zinc and brass
deposition with respect to deposition potential. Thin films were plated
between & - 30um, they all displayed a smooth, uniform homogenous deposit
with no precipitates or oxide inclusions. The current efficiencies were found to
be < 45% for copper, < 15% for zinc and between 10 - 30% for brass.

The microstructural characterisation of the Cu-Zn thin alloys was undertaken
by X-ray diffraction (XRD), scanning electron microscopy (SEM) and energy
dispersive X-ray fluorescence (EDAX), transmission electron microscopy
(TEM) and differential scanning calorimetry (DSC). XRD showed all the

electrodeposited Cu-Zn alloys to have same phase composition as those
predicted by the equilibrium phase diagram for Cu-Zn. This confirmed the

existence of the parent p-phase within the shape memory composition range,
which undergoes the martensitic transformation. TEM showed these foils to
be composed of a matrix of a, B and martensite nano sized grains (< 40nm)

co-existing with a sparse distribution of larger grains (200-300nm). The larger
grains were always martensite in nature, recognisable by their twinning




planes. Differential scanning calorimetry analysis shows evidence of a

martensitic transformation change for the thin brass films.
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Chapter 1 - Background

1.0 BACKGROUND

In the scientific literature there is much confusion surrounding the date when
the shape memory effect was first reported. Some believe that the first
recorded observation of shape memory behavior was in 1932 by Chang et al

[1]. They witnessed this transformation in a AuCd alloy by metallographic
observations and resistivity changes.

Others believe this transformational behavior was first referenced when it was
seen in brass (CuZn) in 1938 [2], but it was not until 1962 when shape
memory effect was officially reported by Buchler et al [3] when they
discovered the property in equiatomic nickel-titanium alloy (NiTi). It was this
discovery that sparked research in this field. In the following 10 years a
number of commercial shape memory alloy products were available on the
market, mostly for use as biomaterials which include dental arch wires, vena
cava filters and orthopedic bone implants for use in hospitals all around the

world. Shape memory alloy (SMA) research has continued at an increasing
pace since then.

The development of new materials will be of central importance in the future
technological advance. We have not set our sights on producing a new
material, but to exploit shape memory alloys and their numerous unique
properties to enable the construction of devices and machines that are more
compact and that possess previously unthinkable capabilities. Shape memory
behavior of certain metallic alloys, for example NiTi and CuZnAl, have
important applications in defense and biomedical technologies [4.5]. At
present, these alloys are manufactured by metallurgical means in bulk
quantities. Although this field is still nascent, preliminary studies have shown
that thin films of shape memory alloys have high power to volume ratio [6],
which makes them attractive candidates for miniaturisation technology. The

technological problem to overcome is related to manufacturing and fabrication
difficulties associated with creating such thin films. This thesis will show if
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electrodeposition, a simple and relatively cheap method, can be used to
construct shape memory thin films.

1.1 SHAPE MEMORY ALLOYS

The term ‘shape memory alloy’ refers to a group of metallic materials in which

some fixed shape has been memorized, is plastically deformed at low

temperatures and then subsequently heated above the transformation
temperature, it reverts to the original shape. If the specimen is cooled again,

and does not return to the shape it had when deformed at low temperatures -
then this material is referred to as having a ‘one-way shape memory'.
Materials that undergo a change in shape upon cooling are referred as
materials as having a ‘two-way shape memory'. This metamorphosis occurs
by a ‘martensitic solid state transformation’. That is to say a martensite phase

Is formed upon cooling from a higher temperature phase called the parent
phase or austenite phase by a lattice transformation wholly without atomic
diffusion. There are little more than ten binary alloys which exhibit the shape

memory effect, but more than a hundred with the addition of a subsequent
alloying element.

1.2 PHASES AND PHASE TRANSFORMATION

Martensite

Martensite normally appears as platelets, resting on complex crystallographic
planes called habit planes. In many shape memory alloys, the martensite
plates are large and easily viewed through an optical microscope. When
viewed with transmission electron microscopy (TEM), the plates are seen to
possess a herringbone structure. Each martensite plate is a single crystal
whose lattice orientation is strictly determined by the lattice orientation of the

parent phase. The physical plane of the martensite plane also has a definite
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orientation (parallel) with respect to the crystallographic plane (habit plane) of
the parent phase. It is along this habit plane in the parent phase that the

principal shear displacement occurs in the martensite reaction; hence the
individual martensite plates grow by the movement of the habit plane through
the parent phase. It is these habit planes, that separate the parent and
product phases. When the plates stop growing, they usually have a lenticular
shape, the major radius being limited by impingement with a grain boundary
of the parent phase or with another plate. The plates thicken only to a limited
extent and the final structure of the transformation product is always isolated
plates embedded in untransformed parent phase.

A precise definition of martensite has never been agreed upon. The term
‘martensite’ was originally adopted by metallurgists to define a plate-like or
acicular phase structure in quenched steel, although some argue the point.
The term martensite is now widely accepted as a more generalized definition,

referring to the type of transformation product that results from a certain kind

of solid-state transformation, irrespective of the composition, structure or
properties of the product.

During a martensitic transformation, the martensite takes on the same
ordering of the austenite. This is called inherited ordering. The martensite

crystal structure is made up of a lattice of ‘zig-zagged’ atoms (superimposed
overview), which allows the metal to be soft and ductile. The austenite phase
Is susceptible to long range ordering. From a structural standpoint the
martensitic products have little in common. The lattices range from simple to
complex and display the many variations found in the products of other solid-

state transformations. All martensites are solid solutions (more than one
metal dissolved in each other).

Austenite

The term austenite, like martensite was originally intended to refer to a

specific phase in steel; the parent phase in steel from which the martensite
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phase is formed. In comparison to the zig-zagged structure of martensite, the
austenite crystal structure on the other hand, consists of an ordered row-

column matrix of atoms, which means the metal is hard and rigid. However,
the chemistry of both solid solutions, remains identical.

The austenite phase of shape memory alloys are generally based on a body
centred cubic (BCC) symmetry, some with the BCC symmetry, but more often

with the B2 structure, and some with an even more complex ordering called
DO3 still based upon a BCC symmetry. In some shape memory alloys
possessing the BCC structure, atoms are disordered meaning that different

elements are randomly distributed on the lattice sites. In others the atoms are
ordered, meaning that the atoms are found on very specific sites. Martensite
may form out of a disordered or ordered parent phase.

Martensitic Transformation

In contrast to diffusional transformations, where a new phase can only be
formed by atoms moving over relatively long distances to create a different
chemical composition than the matrix from which it is formed, martensitic
transformations almost always occur by displacive transformation, where
atoms do not move more than interatomic distances. In displacive
transformations therefore, the atoms are cooperatively rearranged into a new,
more stable crystal structure, but without changing the chemical nature of the
matrix. The total displacement of any given atom relative to its nearest
neighbors is less than the dimensions of the unit cell. Because no atomic

migration is necessary, these displacive transformations generally progress in
a time-dependent fashion, with the motion of the interface between the two
phases being limited only by the speed of sound. They are referred to as
athermal (without a change in heat content, as temperature changes)

transformations, since the amount of the new phase present is usually
dependent only on temperature.
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1.3 TRANSFORMATION MECHANISM

The unique interaction between the martensite and austenite crystal
structures, involves principally two processes, a lattice transformation

involving shearing deformation, and a following cooperative atomic

movement.
(a) Bain strain

The bain strain (lattice deformation), consists of all the atomic movements
needed to produce the new structure from the old, Fig 1.1. The austenite
structure is schematically illustrated in Fig 1.1(a), and the progression to a

fully martensitic structure is schematically illustrated by Fig 1.1(b) to (d). The
succession of the diagrams shows that as the interface progresses one
atomic layer, each atom is required to move by only a very small amount Fig

1.1(c).

Martensite
NI N d Z; ;Z f
O———0O0——0O Austenite Interface

O—O—O—O0—0 —O—O——O0—O
O—O—O0—0—=0 O—O0—O0——O0—0
(a) (b)

Martensite .
(C ( ( () ()

Austenite Interface .
O——O0—0O0—0—0 C C C
(c) (d)

Figure 1.1 “The Bain Strain”

(a) austenite structure; (d) martensite structure; (b) & (¢) transformation steps
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The end results of all these small coordinated movements is the new
martensitic structure, and the movements needed to produce the new

structure are called the Bain strain. In reality, the Bain strain generally

consists of several small atomic shuffles in addition to the type of movement
llustrated in Fig 1.1.

(b) Lattice-invariant shear

The second part of the martensitic transformation, the lattice invariant shear,
Is an accommodation step. The martensitic structure produced by the Bain
strain is of a different shape, and often volume, than the austenite phase
surrounding it (compare Fig 1.1(a) and (d) ). Martensite in steel involves both
a volume and a shape change, whereas shape memory alloys such as Ni-Ti
undergo basically only a shape change. Therefore, either the overall shape of
the new phase, or the surrounding austenite must be altered to accommodate

the new structure. To compare by analogy, one cannot change the shape of a
single brick in the centre of a brick wall - either the surrounding bricks must

deform, or the new brick must accommodate its form to the space available.

There are two general mechanisms by which this can happen (i) slip, Fig
1.2(a) and (i1) twinning Fig 1.2(b).

Figure 1.2 “Lattice-invariant shear”

Accommodation step by (a) slip and (b) twinning
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In both cases, each individual cell, has the new martensitic structure, but the
overall shape is that of the original austenite. Slip is a permanent process and
is a common accommodation mechanism in many martensites. Twinning
however, is unable to accommodate volume changes should that be
necessary, but can accommodate shape changes in a reversible way. For
shape memory to occur to a significant extent, we require that the

accommodation be fully revefsible, therefore it is imperative, that twinning be
the dominant accommodation process.

The twinning process of accommodation therefore, plays a major role in the
shape memory effect. As illustrated in Fig 1.3, the twin boundary Is in mirror
plane, in this position on the boundary the view in one direction is a mirror of
the other. Atoms situated on that boundary see the same number and types

of bond lengths in both directions. Some key properties of twin boundaries
are that they are of a very low energy and that they are very mobile, thus the

relative stability of a martensitic phase is not strongly affected by the number
or location of these boundaries.

“ Boundary

Figure 1.3 “Twin Boundary”

By comparing the edges of the structures shown in Figs 1.2 (a) and (b), one
can see that slip accommodation requires that the atomic bonds be broken,
while all bonds remain intact in the twinned structure. If a stress is applied to

the structure shown in Fig 1.2 (b), the twin boundaries will easily move,

8
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producing a shape which better accommodates the applied stress. An
example is shown in Fig 1.4. The result of moving a twin boundary is thus to
convert one orientation or twin variant into another. That variant will be
chosen which is most favorably orientated to the applied stress. The ideal
mechanism would be where, a single variant of martensite can be produced
by straining a sufficient amount. This process (the condensation of many twin

variants into a single favoured variant) is called detwinning.

T
|||=
[T
VAV
oS

Figure 1.4 "Detwinning”

Twins not only act within individual martensite plates, the boundaries between
martensite plates also behave as twin boundaries, i.e the individual plates of

martensite themselves are twins with respect to adjoining plates. Thus the
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term twin boundaries, generally refers to the boundaries between martensite
plates as well as the boundaries within plates.

1.4 TRANSITION TEMPERATURE RANGE

Nearly all the physical properties of austenite and martensite are different,
and thus as one passes through the transformation point, a variety of

significant property changes occur. Thereby any of these properties (electrical

resistance, length change, volume change etc...), can be used to monitor the

progress of the transformation; this is best explained with the aid of the
diagram illustrated in Fig 1.5.
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h) L]
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5 |
LT ’
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MECHANICAL
PROPERTY

TEMPERATURE

Figure 1.5 “Martensitic Transformation Cycle”

Starting (M,) and finishing (My) temperatures of transformation to martensite;
Starting (As) and finishing (As) temperatures of transformation to austenite.

First a memorized shape is imprinted into the SMA by holding the SMA in the
desired shape at high temperature (the desired shape must also be held

during the cooling process). On cooling the alloy passes through what is

10
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called the transition temperature range (TTR). Below this range the alloy can

be released from its constraints and appears pliable.

The temperatures, M, M, As and Ay, are indicated in the graph and refer to
the temperatures at which the transformation to martensite starts and
finishes, and the temperatures at which the reversion to austenite starts and
finishes. On cooling from the setting temperature, temperature Ms is reached,
at this point the crystal structure starts to change from, what has up to now

been completely austenite, to a martensite structure. This martensite

transformation is completed by the temperature M; where all the metal now
consists of martensite phase.

On re-heating, a temperature of As has to be reached, (note As > M), before
the metal's crystal structure starts to revert back to the austenite phase. The
transition temperature range is the temperature range between Ay, where all

the crystal structure is made up of austenite structure, and M. Below M;, the
alloy may be mechanically deformed with no loss to the shape memory
properties, so long as the change is kept below the 8 percent surface, plastic
deformation limit (only a certain amount of martensitic deformation can be
accommodated by this twin movement process and once this is exceeded,
the material will eventually deform by the irreversible processes of dislocation
movement). After the metallic form has received some form of deformation
and i1s reheated beyond Ay, the crystal structure will reform the metallic form

that was “memorized” into the austenite phase of the metal during the period
the metal was trained.

Martensite transformations are first order transformations, meaning that heat

Is liberated when martensite is formed. It is visible from Fig 1.5, that there is a
hysteresis associated with the transformation, showing the transformation
temperatures to differ upon heating and cooling (this is the temperature range

over which austenite and martensite co-exist). The magnitude of the

hysteresis depends upon the alloy, but values of 20-40°C are typical for

shape memory alloy systems. The start of the hysteresis temperature range

11
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also varies with varying alloy composition. Microscopically, hysteresis can be

thought of as the friction associated with the movement of twin-related
martensite boundaries.

The shape memory effect occurs due to the fact that, as the temperature is
raised above As, a stress forms in the crystal structure and the atoms return

to their austenite phase to relieve this stress. The shape that the crystal
structure forms is the one that was ‘memorized’ into the austenite phase of

the metal during the imprintation process. This transition to austenite from the
martensite crystal structure is completed at A,.

1.5 CuZn SHAPE MEMORY ALLOY

Among the large number of SMA’s which have been discovered, apart from
TiNi, most are copper based and are virtually the only ones which can be
used practically. Among these alloys, two groups are currently being
developed for practical usage, CuAl-based and CuZn-based alloys. Because

of the potential application of SMA’s in numerous fields, economics is now
also an important consideration in determining the choice of alloy, for

example the copper based alloys seem an attractive choice as a replacement
for TiNi, as in some circumstances the TiNi alloy can cost ten times as much.

Aluminum can only be electroplated from molten sait electrolytes, which
require specialised materials and apparatus, which make CuAl-based alloys
more expensive. This thesis is concerned with the development of CuZn
based alloys as new functional materials. As a first step, Cu-Zn shape

memory thin films have been plated and studied. This will provide a stepping
stone to study if ternary Cu-Zn-based alloy thin films can useful.

To understand clearly the shape memory effect that brass displays, it is first
necessary to be familiar with the Cu-Zn equilibrium phase diagram.
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1.6 THE Cu-Zn EQUILIBRIUM PHASE DIAGRAM

The equilibrium diagram of the copper-zinc system is shown in Fig 1.6. The
binary alloy equilibrium diagram can be modified by the addition of another
element, aluminum or tin for example. The seven solid phases, plus the other
main features in the copper-zinc system are described as follows.

Weight percent zinc

0 10 20 30 40 50 60 70 80 S0 100

1200
1084.87°C
Liquid
1000 ﬂC q
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