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INTRODUCTION AND SCOPE OF RESEARCH

In this dissertation, the results of the research activities carried out during the Doctoral
Course at the University of Calabria are presented. The aim of these activities regarded
the interesting field of Smart Materials and, in particular, some aspects related to the
thermomechanical characterization of Nickel-Titanium (NiTi) Shape Memory Alloys
(SMAs).

Smart Materials are able to note an external stimulus responding in a predetermined and
repeatable manner; this capacity permits to interact with the material using it as an
actuator able to modify shape and elastic properties, electric resistivity and damping
capacities.

Shape Memory Alloys, and in particular the NiTi alloys, are the most promising Smart
Materials. Due to their special functional properties, namely one way or two way shape
memory effect (OWSME, TWSME) and superelastic effect (SE), NiTi alloys have seen
growing use in recent years in a number of industrial fields as biomedical, automotive,
aeronautic and many others. Generally, the use of the NiTi alloys seems to be very
useful in applications were it is necessary to use smart components with low
dimensions; many conventional actuators and sensors can be substituted with NiTi
components obtaining high advantages in terms of reduction of weight and dimensions,
reliability and costs. Furthermore, in the last years, their use for the realization of smart
composites, as an example for vibration and shape control, is becoming very interesting.
Unfortunately, there are still some difficulties with shape memory alloys that must be
overcome before they can live up to their full potential. For example, these alloys are
still relatively expensive to manufacture compared to other materials such as steel and
aluminium. This difficulties regard the high sensibility to the production parameters, to
the low workability with conventional machining processes as well as to the high non
linearity in the mechanical and functional behaviour.

For this reason, in the last decades, many research activities have been addressed to the
investigation of many aspect related to the influence of different working processes on
the behaviour of the NiTi alloys and to develop simple numerical model able to

simulate the non linearity associated to the NiTi functional properties.



In this dissertation, the results related to the experimental characterization and
numerical modelling of different NiTi alloys are presented.

The experimental characterization are carried out on NiTi sheets in order to study the
mechanical and functional behaviour of different NiTi alloys. Using proper
experimental procedure, the thermomechanical behaviour of the materials are
investigated under static and cyclic conditions to better understand the deformation
mechanisms involved in the shape memory and superelastic effect.

Furthermore, the characterization of Nd:YAG laser butt welded NiTi sheets, in terms of
mechanical, microstructural and shape memory behaviour, was executed in order to
investigate the influence of this working process on the alloy behaviour. As said before,
in fact, due to the low workability of these materials with conventional machining
processes (milling, turning and drilling), suitable joining and cutting techniques must be
used to obtain devices and components with complex geometries. In this field, laser
welding is probably a good solution because, due to its high precision, permits to reduce
the influence of the machining process on the material properties.

Then, starting from some experimental results and evidences, a phenomenological
approach, based on the Prandtl-Ishlinskii hysteresis operators, was used to model the
TWSME in NiTi alloys. Modelling the hysteretic behaviour of a smart material is not a
simple task because the identification of many model parameters is required to adapt the
model to the real behaviour of the material. For this reason, the developing of useful
models based on a phenomenological approach could resolve many problems related to
the simulation and control of this class of materials.

Finally, another important aspect related to the use of these alloys in biomedical field is
investigated. Various approaches are currently under development to prevent
undesirable Ni release and ensure implant safety in applications in which NiTi alloys
are used at direct contact with the human tissues. Despite the satisfactory clinical use of
NiTi, in some situations the high Ni content in the alloy is of great concern with regards
to its biocompatibility; in fact, Ni has been reported to be responsible for the clinic toxic
and allergic responses. It is theoretically possible that Ni may dissolve from NiTi due to
corrosion phenomena, so that its necessary to modify the surface of NiTi alloys to

improve their biocompatibility and restraining Ni release. Furthermore, coating NiTi



components with osteoconductive materials could improve their use in the realization of
biomedical implants useful for the regeneration or substitution of bone in human body

In this research, a Calcium-Phosphates (CaPs) coating, was deposited by a biomimetic
procedure on a NiTi alloy. The aim is to analyze the properties of the coatings, as
function of different surface conditions of the material, in order to define a useful

coating procedure.



CHAPTER 1

NICKEL - TITANIUM SHAPE MEMORY ALLOYS

1.1 HISTORY OF SHAPE MEMORY ALLOYS

The first reported steps towards the discovery of the shape memory effect were taken in
the 1930s, when A. Olander discovered the pseudoelastic behaviour of the Au-Cd alloy
in 1932 (Otsuka, 1998). Greninger & Mooradian (1938) observed the formation and
disappearance of a martensitic phase by decreasing and increasing the temperature of a
Cu-Zn alloy. The basic phenomenon of the memory effect governed by the
thermoelastic behaviour of the martensite phase was widely reported a decade later by
Kurdjumov & Khandros (1949) and also by Chang & Read (1951).

In the early 1960s, Buehler and his co-workers at the U.S. Naval Ordnance Laboratory
discovered the shape memory effect in an equiatomic alloy of nickel and titanium,
which can be considered a break trough in the field of shape memory materials (Buehler
et al. 1967). This alloy was named Nitinol (Nickel-Titanium Naval Ordnance
Laboratory).
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Since that time, intensive investigations have been made to elucidate the mechanics of
its basic behaviour. The use of NiTi as is fascinating because of its special functional

behaviour, which is completely new compared to the conventional metal alloys.

1.2 THERMOELASTIC MARTENSITIC TRANSFORMATION

NiTi shape memory alloys can exist in a two different temperature-dependent crystal
structures (phases) called martensite (lower temperature) and austenite (higher
temperature or parent phase). Several properties of austenitic NiTi and martensitic NiTi
(such as Young modulus, electrical resistance, damping behaviour, etc..) are notably
different (Otsuka et al. 2005, Duering et al. 1990).

The austenite is characterized by a Body Centered Cubic structure (BCC), where there
is a nickel atom at the center of the crystallographic cube and a titanium atom at each of
the cube’s eight corners. Since the austenitic phase is microstructurally symmetric it is
considered to be the parent phase. The martensite phase of NiTi is less symmetric and
its lattice structure consists of a rhombus alignment with an atom at each of the rhombus
corners. Fig.1 shows two NiTi crystals in the austenite and martensite phases.

The unique behaviour of NiTi is based on the temperature dependent austenite to
martensite phase transformation on an atomic scale, which is called Thermoelastic
Martensitic Transformation (TMT). TMT causing the functional properties as a result of
the need of the crystal lattice structure to accommodate to the minimum energy state for
a given temperature (Otsuka et al. 1998).

TMT, and its reversion, is a shear-dominant diffussionless solid-state phase
transformation occurring by nucleation and growth of the martensitic phase from the
parent austenitic phase. TMT could be activated, so that NiTi alloys could be
transformed from austenite to martensite and vice versa, either by reducing the
temperature (Thermally Induced Martensite, TIM) or applying a mechanical stress
(Stress Induced Martensite, SIM). On the other hand the martensite transforms into
austenite through either increasing the temperature or removing the applied stress. This
shows that mechanical loading and thermal loading have opposite effects on NiTi

alloys.
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Fig. 1: (a) Austenite and (b) Martensite lattice structures

When austenite is cooled, it begins to change onto martensite; the temperature at which
this phenomenon starts is called martensite start temperature (M;), while the
temperature at which martensite is again completely reverted is called martensite finish
temperature (Mg). When martensite is heated, it begins to change into austenite; the
temperature at which this phenomenon starts is called austenite start temperature (As),
while the temperature at which this phenomenon is complete is called austenite finish
temperature (Ay). (Buehler et al. 1967, Duering et al. 1990).

Due to the TMT characteristics, applied stress plays a very important role. During
cooling of the NiTi material below temperature M; in absence of applied stresses, the
variants of the martensitic phase arrange themselves in a self-accommodating manner,
with a total of 24 crystallographically equivalent habit planes, resulting in no observable
macroscopic shape change. The mechanism by which single martensite variants form
from austenite by cooling is called twinning and it can be described as a mirror
symmetry displacement of atoms across a particular atom plane, the twinning plane
(Buehler et al. 1967, Otsuka et al. 2005). Crystal twinning occurs when two separate
crystals share some of the same crystal lattice points in a symmetrical manner. The
result is an intergrowth of two crystals in a variety of specific configurations separated
by a twin boundary surface. Twin boundaries occur when two crystals of the same type
intergrowth, so that only a slight misorientation exists between them. Twin boundaries
are partly responsible for shock hardening and for many of the changes that occur in
cold work of metals with limited slip systems or at very low temperatures (Hurlbut et al.

1985).
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By applying mechanical loading on the martensitic structure, martensitic variants
reorient into a single variant; the reorientation mechanism is called detwinning (Liu
2005, Otsuka et al. 2005) and it is the cause of the shape memory behaviour in the
SMAs as explained in the following sections.

The martensitic phase transformation can also be induced by pure mechanical loading
while the material is in the austenitic phase, in which case detwinned martensite is
directly produced from austenite by the applied stress at temperatures above M, (SIM).
This means that the energy necessary for the martensitic transformation can be
provided, not only by a thermal input but also by a mechanical input (Otsuka et al.
2005, Duering et al. 1990). It is important to point out that the SIM transformation can
be induced in the material at temperatures up to Ar but lower than a threshold value
defined as Mg4. Up to this temperature, an applied stress do not generate the SIM
transformation but dislocation effects as consequence of the minor energy needs with
respect to the SIM.

Fig. 2 shows the NiTi in austenitic and martensitic forms in a two dimensional view. As
shown in the figure, the austenite is symmetric and thus has one layout for the atoms,
while the martensite could be found in two different alignments based on the level of
stress applied to the alloy. Based on the stress direction, the martensite could be
detwinned either to the left or to the right direction. Thus from a two dimensional point

of view there are two possible variants for martensite.

(@) (b) (©
Fig. 2: Austenite and martensite microstructural view in a two-dimensional plan:

(a) austenite, (b) twinned martensite, (¢) detwinned martensite

Fig. 3 summarizes the above considerations showing the relationship between the phase
transformation temperatures, the applied stress and the crystalline structure of a NiTi

alloy.
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From the figure, it is possible to observe that an increase in the applied stress increases
the four phase transformation temperatures in a linear manner. In particular, the effect
of the applied stress can be computed according to the well known Clausius-Clapeyron

rule, do/dT = const (Otsuka et al. 2005).
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Fig. 3: Relationship between phase transformation temperatures and applied stress

In Fig. 4, a Differential Scanning Calorimetry (DSC) thermogram related to a NiTi
alloys is shown; this technique is the main used to identify the transformation
temperatures of the NiTi alloys. As clearly shown in the figure, the temperature range
for the martensite to austenite transformation, that takes place upon heating, is
somewhat higher than that for the reverse transformation upon cooling. The difference
between the transition temperatures upon heating and cooling is called hysteresis.
Hysteresis is generally defined as the difference between the temperatures at which the
material is 50 % transformed to austenite upon heating and 50 % transformed to
martensite upon cooling. This difference can be up to 30-40 °C and it is associated with
the energy dissipated during the transformation (Otsuka et al. 2005, Buehler et al.
1967). A hysteretic behaviour is also present in the stress induced martensitic
transformation in terms of transformation stress as explained in the following;

generally, the hysteretic behaviour characterizes all NiTi properties.
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Fig. 4: DSC thermogram of a NiTi alloy

1.3 MECHANICAL AND FUNCTIONAL PROPERTIES OF NITI ALLOYS

A relatively large number of researchers have been interested in exploring the
mechanical characteristics of NiTi in its two phases. Researchers are interested in
studying and specifying the properties of NiTi materials under various types of
thermomechanical loadings. Several experimental studies have been conducted to
specify the mechanical properties of SMAs (Otsuka et al. 2005, Brinson et al. 2004, Liu
et al. 1998, Lagoudas et al. 2000, Gall et al. 2001, Wada et al. 2005). The outcomes of
experimental research in the past two decades assisted in developing a range for the
mechanical parameters that would be expected from NiTi in its austenite and martensite
phases. Table 1 presents a summary of the mechanical properties for NiTi. As explained
in the following, mechanical properties could be due to several factors such as alloys

composition, manufacturing process, strain rate and cyclic loading.
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Table 1: Summary of NiTi mechanical properties

Austenite Martensite
Young’s modulus 30-83 GPa 20-45 GPa
Ultimate Tensile Strength 800-1900 MPa 800-1900 MPa
Elongation at Failure 20-25% 20-25%
Recoverable strain 8-10 % 8-10%
Poisson Ratio 0.33 0.33

Fig. 5 illustrates the mechanical behaviour of a NiTi alloy as a function of temperature.
In order to relate the mechanical behaviour of the alloy which occurs on the macro level
with the phase transformations that occur on the micro level, the microstructure of the
alloy is shown in the figure at the various strain/temperature levels (Shaw 2002).

While most metals deform by slip or dislocation, NiTi responds to stress by simply
changing the orientation of its crystal structure through the movement of twin
boundaries (detwinning). This orientation is evident in the stress-strain behaviour by the
stress plateau that occurs both in martensitic than in austenitic NiTi, until the material
consists only of the correspondence variant which produces maximum strain. However,
deformation beyond this will result first in elastic deformation of the oriented structure
and than in classical plastic deformation by slip and dislocation.

At low temperature, so that in martensitic condition, the mechanical behaviour of the
material is characterized by large inelastic deformation after unloading that could be
recovered by heating the alloy (Shape Memory Effect, SME). As the multivariant
martensitic phase is deformed, a detwinning process takes place, as well as growth of
certain favourably oriented martensitic variants at the expense of other variants. The
mechanical loading in the martensitic phase induces reorientation of the variants and
results in a large inelastic strain, which is not recovered upon unloading. At the end of
the deformation, and after unloading, it is possible that only one martensitic variant
remains if the end of the stress plateau is reached; otherwise, if the deformation is halted
midway, the material will contain several different correspondence variants. This mode
of deformation dominates at temperatures lower than M¢and results in the stress plateau

(Otsuka et al. 2005, Liu 1998 and 2001).

16



oy L 2
—
-

‘I:.na-oq

\I000000()

Detwinned-M

1

Fig. 5: Stress (X)-strain (8/L)-temperature (0) relationship in shape memory alloys (Shaw, 2002)

Instead, at high temperatures, the stress-strain relation exhibits a flag shape. The figure
demonstrates that the stress plateau at high temperatures is developed due to the
conversion of austenite to detwinned martensite. During unloading, the detwinned
martensite transforms in austenite due to its instability at temperature up than Ag, so
that, a lower stress plateau, related to the reverse transformation, appears in the stress-
strain curve (Superelastic Effect, SE), generally, without inelastic strain (Otsuka et al.
2005, Duering et al. 1990).

The above descriptions are related to ideal deformation behaviour of the material; in the
following chapter, starting from experimental results, a better description of the

mechanical behaviour is reported.
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1.3.1 SHAPE MEMORY EFFECT (SME)

NiTi alloys exhibits the Shape Memory Effect (SME) when it is deformed while in the
martensitic phase and then unloaded while still at a temperature below My If it is
subsequently heated above Ar it will regain its original shape by transforming back into
the parent austenitic phase as schematically shown in Fig. 6 and represented in Fig. 5 in
terms of stress-strain-temperature curve.

The stress-free cooling of austenite produces a complex arrangement of several variants
of martensite. Self-accommodating growth is obtained such that the average
macroscopic transformation strain equals zero, but the multiple interfaces present in the
material (boundaries between the martensite variants and twinning interfaces) are very
mobile. This great mobility is the heart of the SME; movement of these interfaces
accompanied by detwinning is obtained at stress levels far lower than the plastic yield
limit of martensite but, as said before, after unloading, large inelastic strain can be
observed.

The reverse transformation induced by heating recovers the inelastic strain; since
martensite variants have been reoriented by stress, the reversion to austenite produces a
large transformation strain having the same amplitude but the opposite direction with
the inelastic strain and the SMA returns to its original shape of the austenitic phase.
Note that subsequent cooling will result in multiple martensitic variants with no
substantial shape change (self-accommodated martensite).

The above described phenomenon is called one-way shape memory effect (or simply,

shape memory effect) because the shape recovery is achieved only during heating.
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Fig. 6: Shape memory effect phenomenon in shape memory alloys

1.3.2 SUPERELASTIC EFFECT (SE)

The superelastic behaviour of NiTi alloys is associated with the recovery of the
deformation upon unloading known as Superelastic Effect (SE). The superelastic
behaviour is observed during loading and unloading above A and is associated with
stress-induced martensitic transformation and reversal to austenite upon unloading.

As said before, if the alloy is externally stressed at a temperature above Ay, it deforms
transforming into a detwinned martensite, which is unstable at high temperatures, thus
when the load is removed the SMA transforms back into austenite and the original
shape of the alloy is fully recovered. The loading and unloading paths during this
loading cycle do not coincide, with the unloading path being a lower stress plateau
compared to the loading plateau. As a result, there is an area enclosed under the stress-
strain diagram which represents the energy dissipated during the transformation. A
schematic representation of the superelastic phenomenon is illustrated graphically in

Fig. 7 and represented in Fig. 5 in terms of stress-strain-temperature curve.
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Fig. 7: Schematic representation of Superelastic Effect in shape memory alloys

1.3.3 Two WAY SHAPE MEMORY EFFECT (TWSME)

In the shape memory effect discussed in the preceding section, what is remembered was
the shape of the parent phase only; however, under certain conditions it is possible to
remember the shape of the martensitic phase. This effect was first called ‘‘the reversible
shape memory effect’” (Nagasawa et al. 1974, Saburi et al. 1974), but now it is called
two-way shape memory effect (TWSME), while the ordinary shape memory effect in
the preceding section is sometimes called one-way shape memory effect (OWSME), in
contrast to two-way. Whereas the SME and SE are intrinsic in the material, the
TWSME can be observed only after proper thermomechanical procedure called training.
Due to this property, it is possible to modify the shape of the material, in a reversible
way between two different ones and without applied stress, only by changing of
temperature across Af and Mf. As reported in the previous sections, due to the
hysteresis in the transformation temperatures the TWSME is characterized by a strongly
non linear hysteresis loops. Unfortunately the intrinsic two-way effect suffers a quite
strong deterioration during the working cycles due to microstructural changes
(Scherngell et al. 1998). Promising approach to improve the stability of the effect is
reported in literature; the aim is to increase the intensity of internal stresses that it is

possible by different microstructural features (Scherngell et al. 1998).
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The first report of two-way shape memory effect is due to Wang and Buehler [260] for a
Ti—Ni alloy; however, a more clearly description of the phenomena is reported by
Nagasawa et al. that describe, for Ti—Ni, Cu—Zn and Ni—Al alloys, a reversible shape
memory effect obtained when specimens are severely deformed below Mg temperature.

A schematic representation of the observed behaviour is reported in Fig. 8.

@ > {a) Martensite
/ ib) Severe Deformation
[ With an Irreversible
Amount )

T G::::—:r-:_::::_:) (¢] Heated
|
TWO-WAY

EFFECT
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Fig. 8: Schematic representation of Two Way Shape Memory Effect

Thereafter many reports appeared how to realize two-way shape memory effect
including the above: (1) introduction of plastic deformation, (2) constraint aging
(Takezawa et al. 1976), (3) thermal cycling (Schroeder et al. 1977), (4) utilization of
precipitates (Oshima et al 1975, Nishida et al, 1981) and others. Miyazaki et al. (1982)
show that there are different possibilities to induce an intrinsic two-way effect

It will be easily expected that in order to realize the shape of martensitic phase, certain
martensite variants need to be selected. Since the martensitic transformation strongly
interacts with stress, the stress selects certain variants of martensite in the nucleation
process in order to lower the energy of the system (Otsuka et al, 1977) and contributes
to create the certain shape of martensite. In the above process (1)—(4), certain stress
sources are created during the processes such as dislocation configurations, precipitates
etc., which produce internal stress fields to choose specific martensite variants. It is

clear from the above that two-way shape memory effect is a rather weak effect
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compared to one-way shape memory effect, since the former is due to the selective
nucleation of certain martensite variants, while the latter is due to the strong
reversibility and unique lattice correspondence upon reverse transformation.

In the following chapter, an experimental investigation of the TWSME induced by

martensite deformation in a NiTi alloy is reported.

1.4 CyCLIC LOADING AND MARTENSITE STABILIZATION

The cyclic loading effects on NiTi alloy mechanical behaviour has been studied by a
large number of researchers; they are in agreement that the changes in the mechanical
properties that are associated with the cyclic loading are mainly referred to the
martensite stabilization effect, or better to the accumulation of residual martensite at
each cycle. This residual martensite is permanent martensite and thus never participates
in proceeding phase transformation cycles. The residual strain measured during cycling
increase with increasing the number of cycles confirming that at each cycles more and
more martensite is stabilized (Otsuka et al. 2005, Tanaka et al., 1995, Liu 1999, Liu et
al. 1998, Tobushi et al. 1996; Friend et al. 1999; Gall et al. 1999).

The stabilization effect was observed as an increase in the critical temperatures for the
reverse transformation of the deformed martensite; this effect vanishes once the
deformed martensite is reverted back to austenite (Otsuka et al. 2005, Tanaka et al.
1995, Liu et al. 1998). In terms of stress-strain curves, this particular effect is evident in
the decreasing of the stress for the onset of the plateau, in the increase of its slop and,
for an austenitic alloy, in the reduction in the area of hysteresis loops (Otsuka et al.
2005, Liu et al. 1998, Brinson et al. 2004). However, these effects in a polycrystalline
alloy are due to the interaction between martensite stabilization and plastic deformation
that develop in the material during cycling (Otsuka et al. 2005, Tanaka et al. 1995, Liu
etal. 1998 and 1999).

Experimental evidences of martensite stabilization for a martensitic NiTi alloy are

reported in the following chapters.
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1.5 EFFECT OF STRAIN RATE

The effects due to the strain rate on the NiTi behaviour is an important aspect to be
considered above all for understanding its applicability in damping control applications.
In these types of applications, the intrinsic damping properties of the martensitic phase
and the energy dissipation capability of the material in its austenitic condition (Otsuka
et al. 2005) could be successfully used. In particular, in the last decades, NiTi alloys
seems to be useful for realizing smart composites for the damping and vibration control
(Basavaraj et al 2006, Hurlebaus et al. 2006, Yuse et al. 2005, Nagai et al. 2006, Ogisu
et al. 2006). Their use as seismic dampers is also investigated by some researchers
(Grasser et al. 1991, De Roche et al. 2002, Dolce et al. 2000).

Many researchers (Dolce and Cardone 2001; Delemont 2002; and Tobushi et al. 1998)
have focused their interest on studying the behaviour of NiTi when subjected to
dynamic loading with various strain rates. Most of these researchers agree that loading
rate affects the mechanical behaviour of the alloy (Graesser et al. 1991, Dolce et al.
2001).

In 2001 Dolce and Cardone conducted a series of experimental tests using NiTi wires
under tensile loads with a strain rate that varied between 0.01 and 4 Hz; Figs 9 is related
to 0.02 Hz, 0.2 Hz and 2 Hz as strain rates for the cyclic load; the results show as the
rate of loading is increased the loading and unloading plateau are shifted upwards. This
shift is associated with a reduction in the hysteresis area. The authors found that the
change in behaviour tends to stabilize after a strain rate equal to 0.2 Hz, and no more
significant changes in the stress-strain curve were noticed. On the other hand, Tobushi
and his colleagues in 1998 conducted a series of experimental tests using strain rates
that were smaller compared to Dolce and Cardone. Tobushi et al. found that at very
small rates of loading, the stress-strain curves of the alloys are stable while at higher
strain rates the martensitic phase transformation is increased.

Most of the researchers agreed that the reason for such change in the material
mechanical behaviour at higher strain rates is the fact the material releases heat during
the martensitic transformation and absorbs heat in the reverse transformation. If the
strain rate is high, there will not be enough time for the material to transfer or absorb

heat from the surrounding environment and this might lead to self-heating of the
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material, which results in changing the mechanical characteristics of the alloy (Wu

1996, and Dolce et al. 2001).
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Fig. 9: Stress-strain curves for austenite NiTi alloy at 0.02 Hz, 0.2 Hz, and 2.0 Hz strain rates
(Dolce and Cardone, 2001)

1.6 ASPECTS RELATED TO THE PRODUCTION OF NITI1 ALLOYS

1.6.1 ALLOY COMPOSITION

General requirements on Nitinol chemistry and trace elements are defined in an ASTM
standard, F2063-00. The chemical composition of the alloy affects directly the phase
transformation temperatures (Birman, 1997 and Serneels 1999, Otsuka et al 2005),
which plays an important role in defining the alloys mechanical properties as explained

in the previous sections. The sensitivity increases with Ni content in the alloy; a one
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weight percent deviation in Ni (or Ti) concentration would result in approximately a
100°C shift in transformation temperatures. This extreme sensitivity puts a strict
requirement on any melting practice to tightly control the Ni and Ti ratio in order to
meet the required tolerance in transformation temperatures.

Generally, a significant decrease of the Af temperature is observed increasing Ni
content in the alloy. A reduction of the hysteresis width in the characteristic
transformation temperature and stresses is also clearly explained (Serneels, 1999). There
has been much effort to modify Ti—Ni shape memory alloys by adding various alloying
elements to the binary system. It was found alloying elements often alters
transformation temperature greatly. The effect of third element on transformation

temperature are clearly reported in the literature (Homa et al. 1987, Angst et al. 1995)

1.6.2 MANUFACTURING PROCESS

After melting, the Nitinol ingot is usually forged and rolled into a bar or a slab at
elevated temperatures. Optimal hot working temperatures appear to be around 800°C
where the alloy is easily workable and the surface oxidation in air is not too severe
(Suzuki, 1998). Following hot working, NiTi alloys are cold worked and heat-treated to
obtain final dimensions with desired physical and mechanical properties. Generally,
cold work percentage between 15% and 40% and thermal treatment at temperatures
between 350 °C and 700 °C are used.

The mechanical behaviour of NiTi 1is determined by the method used to process the
alloy (Otsuka et al. 1998 and 2005). The combination of the effects due to cold work
and heat treatment defines the material behaviour in terms of both mechanical and
functional properties.

As example, in Figs 9 and 10, the effects of different thermal treatments and cold
working on the material transformation temperatures are reported.

In particular, Fig. 9 shows as both martensite and austenite temperatures increase with
increasing heat treatment temperature; they reach a plateau once they are fully annealed
and all cold work effects are removed.

Instead, as shown in Fig. 10, high cold work percentage stabilizes the austenitic

structures in the material decreasing the transformation temperatures. The higher the
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heat treatment temperature, the more the dislocations introduced during cold working
are rearranged and annihilated and the curves are coming closer to each other.

According to these considerations, for a defined chemical composition, the percentage
of cold working and the temperature of heat treatment must be chosen accurately in

order to set a desired mechanical and functional behaviour of the material.
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Fig. 9: Transformation temperatures for a Ni-50.5 at% Ti alloy 18% cold worked followed by a heat
treatment at a temperature specified in the x-axis followed by water quenching (Serneel, 1999)
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1.6.3 MACHINING OF NITI ALLOYS

One of the problems related to the industrial applicability of NiTi alloys is the
difficulties related to their machining using conventional techniques such as milling,
turning and drilling; the significant tool wear and the need of high experienced
operators increase the costs with respect to conventional materials. Furthermore, the
convectional technique have a strong influence on the material behaviour because of
their high thermal and mechanical effects; so that, especially for components with low
dimensions, their use could cause an excessive degradation in the material performance.
For these reason, laser machining, electro-discharge machining (EDM) and
photochemical etching processes are often used to fabricate NiTi components. In
particular, laser machining has become the preferred process for the manufacture of
NiTi alloys because offers high speed, high accuracy and the capability for rapid
prototyping (Meijer 2004). The drawbacks of this technique are linked to the extension
of heat-affected zone (HAZ) and the presence of microcracks.

EDM works well with most Nitinol compositions. In this case, very low influence on
the material properties are assured by the intrinsic characteristics of the technique (Ho et
al. 2003); however, in some applications, the drawbacks could be the contaminations
due to Cu electrode and dielectric; the recast surface layer formed on the material in the
machining zone may need to be removed in some application like biomedical

components (Lin et al. 2001).
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CHAPTER 2

CHARACTERIZATION OF SHAPE MEMORY
BEHAVIOUR IN NITI ALLOYS

2.1 INTRODUCTION

In the previous chapter, a general description of the NiTi properties are carried out in
terms of mechanical and functional behaviour. In order to better understand and
describe the material properties, in this chapter the results related to the experimental
investigations carried out on a NiTi alloys are reported. In particular, a martensitic alloy
is characterized in terms of uniaxial tensile behaviour and shape memory (OWSME and
TWSME), in order to investigate the deformation mechanisms involved in the material

performance.
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2.2 CHARACTERIZATION OF A NI-51 AT.9% T1 ALLOY

In this section, the results of the characterization of a Ni-51 at. % Ti alloy, that is in
martensitic conditions at room temperature, are presented. The thermomechanical
characterization was executed in terms of mechanical behaviour and shape memory
effect (OWSME and TWSME); furthermore, the effects on the stress-strain uniaxial
behaviour of the material due to a thermal treatment are evaluated.

The shape memory behaviour was analyzed under training cycles executed by induce
plastic deformations in the martensitic structure. This training procedure permits to
develop the TWSME in the material and to evaluate the material deformation behaviour
during repeated thermomechanical cycles executed at fixed training deformation and
temperatures. The hysteresis loops, strain versus temperature, describing the two way
shape memory behaviour of the material were measured and the influence of the
training deformation and the number of training cycles were investigated. Furthermore,
the stability of the TWSME was evaluated at increasing number of thermal cycles,
under several values of constant applied stress.

The experimental investigations were carried out using Ni-51 at.% Ti sheets, 1.15mm in
thickness and 25.5 mm in width, that are supplied by CNR-IENI of Lecco (Italy) and
which were produced by cold-rolling with a thickness reduction of about 22%. The as
received material is cold worked without any successive thermal treatment, so that, in
order to reduce the effects of cold working and to obtain a complete martensitic
structures at room temperature, a proper thermal treatment was executed on the NiTi
sheets (Otsuka et al. 2005, Serneels 1999). The material was thermally treated, at 700
°C for 20 min, and the effect of the treatment on the stress—strain behaviour are
investigated by a comparison between treated and untreated material.

Dog bone shaped specimens were cut from the sheets and used for the
thermomechanical tests. As explained in the previous chapter, NiTi properties are
strongly influenced by the thermal effects related to the production processes,
furthermore, NiTi alloys are characterized by a poor workability with conventional
machining processes such as milling, turning and drilling; so that the specimens was
realized by electro-discharge machining (EDM) (Theisen et al. 2004). In Fig. 1 the

mould used for the EDM process and the dimensions of the specimens is shown.
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Fig. 1: Copper mould and specimen for thermomechanical tests

The thermo-mechanical tests were carried out by using a universal testing machine
(Instron 8500), equipped with a furnace (MTS 653). The local deformation of the
specimen were measured by a resistance extensometer with a gauge length of 10 mm,
while the temperature was acquired, in the middle of the gauge length, by a
thermocouple type J. Load, deformation and temperature outputs were acquired by
means of a data acquisition system, represented by a personal computer equipped with a
National Instruments acquisition card (DAQ PCI-MIO16-E-1) controlled by the
Labview® 6.0 software package.

2.3 RESULTS

2.3.1 EFFECT OF THERMAL TREATMENT AND MECHANICAL BEHAVIOUR

Thermal treatment was carried out at 700 C for 20 min in air and its effect on the
stress—strain behaviour are investigated by a comparison between treated and untreated
material as reported in Fig.2. The isothermal stress—strain curves are measured at room

temperature for two different values of the total deformation (g, = 3.5% and 5.5%).
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Fig. 2: Stress-Strain curves of treated and untreated materials

The dashed curves show the superelastic behaviour of the untreated material that reveal
its highly hardening at room temperature. As said in the previous chapter, the cold
working processes stabilize the austenitic structure decreasing the transformation
temperatures. In fact, the A; temperature of the investigated alloy, measured by
Differential Scanning Calorimetry (DSC) tests, is about -12 °C. Furthermore, the high
slope of the characteristic stress plateau is a consequence of the hardening due to the
cold-rolling process carried out during the production of the material.

The stress—strain response of the thermally treated material is represented by the
continuous curves in Fig. 2; the results show that the adopted thermal treatment permits
to obtain a martensitic structure of the material. The DSC thermogram of the thermal
treated material is reported in Fig. 3; the measured phase transition temperatures were:

M=42 °C, M=63 °C, A=76 °C and A=94 °C.
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Fig. 3: DSC thermogram of treated material

The characteristic stress-strain behaviour associated to the martensitic detwinning
mechanisms is clearly evident in Fig.2 for the treated material; in particular, the first
branch of the curve represents its elastic behaviour while the following one, starting
from an apparent yield point, denotes the detwinning deformation process that evolves
in a Louders manner (Otsuka et al. 2005, Liu et al. 1998). The plateau occurs at a stress
level of about 120 MPa and seems to be quite flat until 5.5% confirming that the
thermal treatment is able to significantly reduce the effects of cold working.

In order to not damage the specimens, no tests are performed at deformation higher than
5.5% for this material. However, as reported in Fig. 4 as example, after the stress
plateau the curve of a martensitic NiTi alloy shows a rapid increase of the stress mainly
due to the elastic deformation of the detwinned structure (Otsuka et al. 1998, Liu et al.
1998); finally, a second apparent yield, characterized by high plastic strain, occurs at
higher stress level before fracture. Practically, after the stress plateau, the deformation
behaviour of the alloy becomes similar to that of traditional structural materials; most of
the special properties of the NiTi alloys lies in the stress plateau.

As reported in reference (Otsuka et al. 2005, Liu et al. 1998), for a polycrystalline
matrix, an exact definition of the different zones is difficult due to the coexistence of the

several mechanisms associated to the deformation process. In particular, due to the
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mismatch in the martensite variants, it is impossible to achieve a full reorientation of the
material structures without plastic deformation. The plastic deformation is required to
co-ordinate the mismatch in orientation in order to maintain the integrity of the matrix.

For the tested material, until a deformation of 5.5%, the main deformation mechanism
involved is the orientation of the martensite variants that assures the shape memory
behaviour of the material. However, as explained before, and experimentally evidenced
in the following, the development of plastic strain and elastic strain occurs during each

stage of the stress-strain curve.
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Fig. 4: Stress-Strain curves of a NiTi in martensitic conditions

2.3.2 TRAINING AND TWSME

In order to study the shape memory behaviour of the material, and to induce in it the
two way shape memory effect by martensite deformation ( Liu et al. 1998), a training
procedure was carried out through the repetition of several thermo-mechanical cycles,
which consist in a mechanical load, a complete unloading and a subsequent thermal
cycle, between the temperatures M¢ and Ay. In Fig. 5 an example of the generic i-th
thermo-mechanical cycle is shown, which is composed of four subsequent steps: (1)
strain controlled uniaxial tensile loading at a strain rate of 0.06 min-1 up to a total
deformation &(i); (2) complete unloading at the same rate and recording the residual

strain &g4(1) and the strain recovered upon unloading, termed the mechanical recovery,
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€mech(1)=€t0t(1)-€res(1); (3) heating up to Ar to activate SME and measuring the
deformation in austenitic condition g4(i), which can also be regarded as plastic strain
€p1(1), and the strain recovered upon heating, termed the thermal recovery €m(1)=€res(1)-
ea(1); (4) cooling down to My and recording the deformation in martensitic condition
em(1), the two way strain gw(1)=em(i)-€a(1) and the one way strain gqy(1)=€res(i)-em(i). In
each thermo-mechanical cycle a training deformation, &, of 3.5 or 5.5% was applied,
starting from the end of the previous one, so that the total martensite deformation, &,
increases with increasing the number of cycles, &q(1)=em(i-1)+€y, due to the formation

plastic strain at the end of the cycle.
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Fig. 5: Example of the i-th training cycle.

The modifications in the stress-strain response, during thermo-mechanical training, for
the two training deformation &,=3.5% and &,=5.5% are shown in Figures 6(a) and 6(b),
respectively. Eight subsequent training cycles were carried out with g,=3.5%, while six
cycles were executed with €,=5.5% in order to avoid fracture, due to the formation of
high stresses and strain. Both figures illustrate the stress-strain curves for the first, an
intermediate and last thermo-mechanical cycle, and the following observations can be
drawn: when increasing the number of training cycles an hardening of the material is

observed, resulting in large stress level, together with a decrease in the stress for the
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onset of the detwinning. These evidences are an indication of the stabilization of the
martensite variants as consequence of the cycling.

The stabilization effect is a particular effect generally attributed to the modifications in
the variant structures of martensite caused by the deformation (Otsuka et al. 2005, Liu et
al. 1998, Liu 1999, Wada et al. 2005). In particular, the internal elastic strain energy,
stored in the twinned martensite, as consequence of the constraint to the lattice
distortion of the transformation in a polycrystalline matrix, serves as a driving force for
the reverse transformation for a thermal martensite. This elastic energy, or better this
internal elastic stress field, is sensitive to martensite variant accommodation structures.
Deformation by martensite reorientation, or by detwinning, releases this internal elastic
energy and further deformation creates an opposite internal elastic stress field in the
direction of the oriented martensite. This new internal elastic stress field acts as a
resistance to the reverse transformation; the loss of the internal elastic energy stored in
the self-accommodating martensite and the creation of an opposite internal elastic
energy in the oriented martensite contribute together to the stabilization effect (Liu
1999, Wada et al. 2005). The experimental evidence of the TWSME, developed after
the deformation, is indicative of the establishment of an internal stress field in the
direction of the deformed martensite. The reverse transformation of the deformed
martensite, which involves a shape change in the opposite direction to the original
deformation, is resisted by this internal stress field, that, instead, guides the formation of
a oriented-accommodating variant structures during the martensitic transformation,
generating the TWSME of the material. The stabilization effect is also observable, as
reported in the following, in the increase of the temperatures for the M—A
transformation; this increase happens because the energy required for the M—A
transformation in a stabilized martensitic structure is higher as consequence of the
mechanical effect due to the internal stress field (Liu 1999, Wada et al. 2005).

As shown in Fig. 6(b) the stabilization effect is more evident when the material is
subjected to a training deformation of 5.5%, because of the high values of deformation

and, consequently, of the internal elastic stress field created.
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Fig. 6: Stress-strain curves during thermo-mechanical training:

a) Training deformation &,=3.5 %; b) Training deformation &,=5.5 %
Fig. 7 report the measured values of &y, €res, €4 and ey versus the number of training

cycles, for the two values of training deformation; in particular, Fig.s 7(a) and 7(b)

illustrate the results for £,=3.5% and &,=5.5%, respectively.
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As expected, both figures clearly show that all the deformations increases with
increasing the number of training cycles as a consequence of the formation of a
dislocation structure, which is confirmed by the increase in the plastic strain g, 1.e. the
deformation in austenitic condition €. In particular, Figure 7(a) shows that &, increases
from 3.5 %, at the first training cycle, to 6.4% after eight cycles, whereas g raises from
0 to 1.8%. As expected Figure 7(b), which is relative to a training deformation of 5.5%,
shows higher values of both & and &,, which increase from 5.5% to 10.5% and from
0.5% to 3.0 %, respectively. As said before, the development of the plastic strain
benefits the two way shape memory behaviour of the material. It is important to point
out that in the measured ¢y also the deformation due to the martensite stabilization is
computed.

Figs 7 show the measured values of the two-way strain, &, one-way strain, &y, thermal
recovery strain, €, and mechanical recovery strain, €mech, versus the total strain gy,
during the thermo-mechanical training; in particular, Fig. 8(a) and 8(b) are relative to a
training deformation of 3.5% and 5.5%, respectively. Both figures show that the thermal
recovery, s, increases with increasing the total strain, with maximum values of 3.8%
and 5.8% for &,=3.5% and &,=5.5%, respectively; as the thermal recovery & can be
regarded as ewteow (see Fig. 5), this result indicates that, in the investigated range, an
overall increase in the shape memory performances of the material when increasing the
total strain in the investigated ranges as consequence of the developing of detwinned
martensite and plastic strain. In fact, the graphs show that the two way strain increases
with increasing the total deformation, for both training conditions, whereas an increase
in the one way strain is observed in the first cycles.

The subsequent decrease of the one way strain with further increasing the total
deformation can be attributed to the formation of a dislocation structure and stabilized
martensite, which in turn benefit the two way shape memory performance of the
material, as consequence of the establishment of a directional internal residual stress
field and, consequently, cause a reduction of the one way recovery capability of the
material, due to the smaller fraction of M—A transformation during thermal cycles (Liu
et al. 1998, Liu 1999, Wada et al. 2005, Otsuka et al. 2005).

In particular, the curves in Fig. 8(a), which are relative to a training deformation

£=3.5%, show an increase in &y, from 0.8% to 1.6%, and an increase in &,y from 1.8%
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to 2.4%, when g raises from 3.5 % to 5.8%, and a subsequent small decrease to 2.3%
with further increasing the total deformation. As shown in Fig. 8(b), the aforementioned
effect is more evident for a training deformation of 5.5%, where &, raises from 1.0% to
3.0%, whereas g, reaches a maximum value of 3.4%, when g, is about 9%, and a
subsequent marked decrease to 2.8% is observed when &,=10.5%. The graphs also
show a very small increase in the mechanical recovery &gecn When ,=3.5%, whereas a
marked increase is observed when £,=5.5%. At each cycles more and more stabilized
martensite are not detwinned but deformed elastically; this causes the increase of the
slope of the plateau during loading and the increase in the &mech upon unloading. This
effect is also qualitatively shown in Fig. 6(b) where a strong hardening of the material is
observed when the thermo-mechanical cycles are carried out with a training
deformation of 5.5%; because of the higher value of reached deformation, a more rapid
stabilization effect, with respect to a training deformation of 3.5%, is observed,
resulting also in higher value of €pech.

The two way shape memory strain of the material, obtained by a training deformation of
5.5%, was also measured under a fixed applied stress, as illustrated in Fig. 9. This
investigation permits to understand the capability of the material to produce work
during the TWSME cycle and to evaluate the modifications induced in the material
behaviour by the applied stress. In fact, The production of work, in applications where
the material is used as actuators, is obtained applying a resistance force that oppose
itself to the shape recovery of the material.

The figure shows the measured hysteresis loops, two way strain versus temperature, in
the case of stress free condition, together with those obtained by two fixed values of
tensile stress, 50 and 100 MPa. As clearly shown &, increases when increasing the
applied stress, from 3.1% to 3.6% and 4.2% under 50 MPa and 100 MPa, respectively.
As can be seen, the external stress, applied in the same direction of the previous
deformation, benefits the formation of further stabilised preferentially oriented
martensite variants and, consequently, an increase in the &, (Wada et al. 2005, Otsuka
et al. 2005).

The figure also shows, as expected, a systematic increase of the transformation

temperatures as consequence of the applied stress, or rather the volume fraction of the
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stabilised martensitic variants (Liu et al. 1998, Liu 1999, Wada et al. 2005, Otsuka et al.
2005).

In Fig. 10 the transformation temperatures, which were identified by using the slope line
extension method, as function of the applied stress are shown. The linear increase in the
transformation temperatures is an accordance with the well known Clausius-Clapeyron
rule. In particular, as reported in the following, the do/dT is a characteristic constant of
the material. In the investigated range, an increase of about 10 °C is observed for all
transformation temperatures when the specimen is subjected to a tensile stress of 50

MPa, and an increase of about 15 °C is measured in the specimen under 100 MPa.
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Fig. 9: Hysteresis loops at different applied stress
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In many practical application the NiTi alloys are subjected to cycling by repeated
heating and cooling; therefore the thermal stability of two way shape memory effect is
an important issue to design and control smart sensors and actuators. In Fig. 11 the
stability of two way shape memory effect, for the specimen obtained by a training
deformation of 5.5%, is shown versus the number of thermal cycles.

The material shows a degradation of &, from about 3.1% to 2.1 % after 35 thermal
cycles; it seems that degradation occurs in two stages, in fact, &, decreases rapidly in
the first 25 thermal cycles and then becomes stable with further increasing their number.
In the first stage a rearrangement of the internal stress field seems to come until a new
saturated state is reached at higher number of cycle. This behaviour is due to a partially
relaxation of the stress field formed by the training process, leading to the difficulty to

form the preferentially oriented martensite variants (Perkins 1973, Miyazaki et al.

1986).
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CHAPTER 3

LASER WELDING OF NITI ALLOYS:

MECHANICAL AND SHAPE MEMORY BEHAVIOUR

3.1 OVERVIEW

Because of reduced manufacturing costs and improvements in product quality, the
demand for NiTi alloys is expected to rise considerably in the near future.
Unfortunately, due to the low workability of these materials with conventional
machining processes (milling, turning and drilling), suitable joining and cutting
techniques must be used to obtain devices and components with complex geometries.
Furthermore, as described in the previous chapters, NiTi properties strongly depend on
the production parameters; the modifications induced by the working processes, in
terms of thermo-mechanical effects and chemical contaminations, have a strong
influence on the functional behaviour of the material (Otsuka et al, 2005; Serneels,
1999). A deeper understanding of the modifications due to various working processes
on the properties of these alloys, could be useful for developing new industrial
applications. In this field, obtaining welded joints with similar mechanical and
functional properties of the unwelded ones, could create new possibilities for the

realization of complex shaped components. Welding NiTi to itself can be more easily
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performed with respect to the welding with dissimilar metals (H. Wu Ming, 2001). A
degradation in SE and SME is generally observed in the homologous weld joints
together with a degradation in tensile strength and in the resistance to permanent
deformation, due to the microstructural modifications induced in the welding zone
(Beyer et al, 1986 and 1989; Schlossmacher et al, 1995 and 1997; Haas et al, 1999;
Falvo et al, 2005). Joining NiTi alloys with dissimilar metals, and in particular with
stainless steel (Wang, 1997), is very difficult due to the formation of brittle intermetallic
compounds. Generally, these types of weld joints are made using a interlayer material
(H. Wu Ming, 2001).

One of the main problems involved in the welding of NiTi alloys is the oxidation of the
weld bead due to the high reactivity of the titanium; for this reason, the protection of the
welding zone using inert gas (Tuissi et al, 1999, Falvo et al, 2005 and 2007;
Schlossmacher et al, 1995 and 1997), such as helium or argon, is necessary together
with an accurate cleaning of the weld zone to avoid chemical contaminations.

Another important aspect to be considered is the formation of cracks in the heat affected
zone and molten zone in terms of hot and cold cracking (H. Wu Ming, 2001; Beyer et
al, 1986; Falvo et al, 2005); this problem is more evident in the welding of Ti rich NiTi
alloys.

The hot, or solidification, cracks sensibility of NiTi welded joints are mainly due to the
presence of impurities with lower melting temperatures than the NiTi material.
Solidification cracking occurs during the terminal stage of solidification, when grains
are separated from one another by a small amount of liquid in the form of grain-
boundary films (Weman, 2003). At this time, the weld metal can be rather weak and
thus susceptible to cracking in the presence of tensile stresses/strains. The weld metal
tends to contract during cooling because of solidification shrinkage and thermal
contraction, so that tensile stresses/strains can be induced in the weld metal if it cannot
contract freely during cooling, for instance in a highly restrained workpiece.

The cold cracking, instead, is caused by the residual stresses that are in the welding
components as consequence of the thermal effects due to the welding and it occurs at
temperatures close to the ambient temperature (Weman, 2003). In particular, if the
material is embrittled by the welding, these residual stresses can cause the fracture of

the joint. The embrittlement of the welded material can be attributed to the formation of

45



some chemical compounds that decrease the ductility of the joints, such as oxides, or to
particular microstructures of the material formed during the cooling of the weld bead.
These types of cracks are generally observed in the HAZ and in material characterized
by a microstructure transformations that occur at low temperatures (Weman, 2003).
Obviously, in a highly restrained workpiece, cold cracking appears more easily because
the residual stresses are higher than in a free one.

The effects introduced by the welds on the martensitic transformation depend both on
the microstructural state of the reference material and on the welding process
parameters (Tuissi et al, 1999). Although significant efforts have been devoted to these
aspects, not many studies concerning welding techniques for joining NiTi alloys are
reported in literature (Beyer et al, 1986 and 1989; Ikai et al, 1996; Schlossmacher et al,
1995 and 1997; Haas et al, 1999; Tuissi et al, 1999; Falvo et al, 2005 and 2007; Shinoda
et al, 1991; Nishikawa et al, 1982; Jackson et al, 1972; H. Wu Ming, 2001; Hirose et al,
1990).

In friction welding and resistance butt-welding (Beyer et al, 1986 and 1989; H. Wu
Ming, 2001), the joint is under a great compression force during the welding process.
This closes any possible grain boundary crack and leads to an outward extrusion of the
fusion zone, so that oxidation is largely prevented. Using consumable filler metal could
be helpful to reduce cracks formation and to increase the joint strength (H. Wu Ming,
2001; Weman, 2003). The major disadvantage of these methods are that the welding
zones have to be trimmed due to the strong extrusion of matter, and that they are
executed in ambient atmosphere.

Tungsten inert gas (TIG) welding (Ikai et al, 1996) generally causes a great degradation
in the mechanical and functional properties of the joint due to an extended heat affected
zone (HAZ) that reduces the applicability of this welding technique.

In the last few decades, laser technologies have reached a great importance in the field
of mechanical processes due to the possibility to focus the energy of working in very
small spots (Cary Howard et al, 2005). This processes minimizes the HAZ and permits
to reduce the influence on the material properties. However, very few studies
concerning laser welding of NiTi alloys are reported in literature (Schlossmacher et al,

1995 and 1997, Haas et al, 1999; Tuissi et al, 1999; Falvo et al, 2005 and 2007) in these
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works, the properties of the welded joints was investigated in terms of mechanical and
functional behaviour.

Generally, laser welding of NiTi alloys can be well performed using Nd:YAG and CO,
sources. A significant reduction of mechanical and functional properties are always
observed in CO, laser welded joints (Hirose et al, 1990; Tuissi et al, 1999) while
Nd:YAG source seems to be more useful for welding NiTi alloys preserving a good
tensile strength and functional behaviour (Schlossmacher et al, 1995 and 1997; Haas et
al, 1999; Falvo et al, 2005 and 2007). Furthermore, Nd:YAG source is suitable for
welding low thickness components, due to its high precision and reduced HAZ
moreover, an appropriate control of the process parameters ensures a good repeatability
of the results (Geusic, 1964).

Most of the works concerning laser welding of NiTi alloys have investigated the effects
of the process on the mechanical and functional properties in terms of SME and SE,
while the TWSME of laser-welded joints was not investigated.

Finally, in the last years, some researches are investigating the possibility to obtain
functionally graded NiTi alloys by different procedure. Laser welding could be a
suitable method for obtaining this type of components welding together different NiTi
alloys; this aspect is not investigated but can open new possibilities for innovative
applications.

In this chapter, the results related to different investigations executed on laser welded
NiTi sheets, realized in the Laser Laboratory of the ENEA Research Centre of Trisaia
(Rotondella, MT), are reported.

In the first investigation, the joints are studied in terms of microstructure and uniaxial
stress-strain curves; a measurement of the transformation temperature of base and
welded material by Differential Scanning Calorimetry (DSC) tests is also executed. In
the successive investigation, carried out after an optimization of the welding process, a
proper thermal treatment was executed on both welded and base (reference) NiTi sheets
and their shape memory behaviour is investigated by training procedure. In particular,
the deformation mechanism involved in the material behaviour during repeated
thermomechanical cycles was evaluated together with the incoming of the Two Way
Shape Memory Effect (TWME) in the material. The effects of the number of training

cycles and plastic strain on the hysteretic behaviour, strain versus temperature,
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characteristic of the TWSME were also investigated. Finally, a systematic comparison
of the results was carried out in order to evaluate the influence of the welding process

on the material behaviour.

3.2 WELDING PROCESS

3.2.1 WELDING EQUIPMENT AND SPECIMENS PREPARATION

As said before, the major aspects involved in the welding of NiTi alloys, are the
oxidation of the weld bead and the formation of hot cracks that drastically reduce the
mechanical and functional properties of the welded joints. To avoid these failure events,
a special experimental set-up was realized; in particular, a shielding chamber was built
to protect the welding zone by oxidation, while a particular positioning system was
utilized to reduce the formation of cracks, by applying a constant compression force on
the welded zone.

The shielding system permits to create an inert atmosphere around the component to be
welded by introducing in it Argon. The chamber is characterized, in the upper zone, by
a polymeric (PMMA) glass through which laser beam was focalized on the sheets. The
type of glass chosen is transparent to the Nd:YAG wavelength and so the power leak,
due to refraction phenomena and glass heating, is minimized.

In Fig. 1, a model of the shielding chamber is reported. As can be seen, the argon input
was executed in proximity of the glass to shielding it from damages due to molten bath
squirts; instead, through a pipe realized in the base of the chamber, the protection of the
lower welded zone was realized. From another pipe, the aspiration of the smokes was
executed during welding in order to reduce the temperature in the chamber and,
consequently, the soften of the glass and the overheating of the components. The
chamber utilized in these experiments is shown in Fig. 2; even though a good result was

obtained, an optimization of the system must be one of the future topics.
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Fig. 1: CAD model of the shielding chamber

Fig. 2: Shielding chamber

As said before, the crack sensibility of the NiTi alloys is an important aspect to be
considered. In order to reduce the formation of cracks and, consequently, to obtain good
performance of the welded joints, a special sledge, moved by a screw, was built; the
system, showed in Fig. 3, permits the alignment of the components, with respect to the

beam and to apply a constant compression force between them.
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Fig. 3: Sledge used for alignment and compression of NiTi sheets

The system was characterized by two components coupled by a prismatic guide; the
NiTi sheets are moved and compressed together by the screw, while a cup spring,
mounted equiaxially, is used to maintain constant the force during the fusion of the
material. This force closes any possible grain boundary cracks and leads to an outward
extrusion of the fusion zone, so that oxidation is also better prevented. Furthermore, the
spring permits the contraction of the sheets during welding reducing the cold cracking
problem.

A preliminary optimization of the welding parameters, in terms of welding speed and
laser beam power, was executed in order to define their better values; however, a more
accurate study on the influence of the different parameters with respect to the quality of
the joints is necessary.

In Fig. 4, some examples of weld cracks due to incorrect restraining of the sheets are
reported.

Early experiments have showed the difficulties to weld NiTi alloys without take in
account the important aspects related to the oxidation of the joints, the crack sensibility

and the weld parameters.
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Fig. 4: Cracks observed in some NiTi welded joints

In Fig. 5, instead , an example of gas pore observed in some joints is shown; this is
probably due to a prolonged heating time that permits the intrusion of harmful elements
(O, H or N) in the weld bead (Chen, 2005). The presence of these elements is very
dangerous because they can form chemical compounds that make the joint very brittle
with a consequent significant increasing of the cold cracking in the welded material.

The welding process was carried out using a Nd:YAG laser source (HAASHL2006D, 2
kW), operating in continuous mode; the welding parameters and the path of the laser
beam can be set by a personal computer. Different welding experiments were carried
out using values of the beam power in the range of 600-1000 W and of welding speed in
the range of 1000 and 1600 mm/min; the focusing of the laser been was always

executed on the surface of the component.

MRt

Fig. 5: Pore observed in the molten zone
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Fig. 6: Laser welding set-up

Fig. 7: Butt welded sheets

3.3 MICROSTRUCTURE AND MECHANICAL BEHAVIOUR OF WELDED

JOINTS

Ni-51 at.% Ti was obtained by melting in a plasma arc furnace and successive hot
pressing at 900°C and rolling to tapes (Tuissi et al. 1999). Finally, sheets, of about
1.15mm in thickness, were produced by cold rolling with a thickness reduction of about
22%; a successive ageing by heat treatment at 400 °C for 45 min in pure Argon
atmosphere was executed. The material have a martensitic structure at ambient
temperature. The modifications in the microstructure induced by the welding process

have been analysed by micro hardness measurements and light microscopy (LM)
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observations while Differential Scanning Calorimeter (DSC) investigations were carried
out to determine the phase transformation temperatures. The uniaxial stress-strain
behaviour of the welded joints is investigated under static condition by isothermal
tensile tests and he fracture surfaces of the specimens has been evaluated by Scanning
Electron Microscopy (SEM).

In this investigation, butt welded sheets was realized using the following parameters:

spot diameter = 0.6 mm; welding rate = 1.6 m/min; average power = 850 W.

3.3.1 DSC TESTS

DSC measurements, carried out under a controlled cooling/heating rate of 5 °C/min, at
temperatures ranging from —25 °C to 150 °C, reveal the phase transformation
temperatures for both reference and welded materials in terms of M; (Martensite start),
M; (Martensite finish), As (Austenite start) and Af (Austenite finish). Cylindrical
specimens with diameter of 4.5 mm and height 1.15mm were made to carry out the
DSC tests. The welded specimens were cut across the welding region in order to include
the HAZ as shown in Fig. 8.

Fig. 9 shows the DSC thermograms of reference and welded materials respectively; no
energetic considerations were carried out. The onset temperatures of the phase
transformations are determined as the intersection of tangents to the slopes of a peak

with the base line.

Fig. 8: DSC specimen

The DSC curve in Fig. 9(a) shows an R-phase (Rhombohedral phase) transformation
during cooling prior to the martensitic transformation, while a reverse martensitic
transformation appears during heating. The presence of R-phase is due to the low
temperature of the heat treatment executed on the material after the cold working

(Otsuka et al. 2005, Serneels 1999).In the present work, the presence of the R-phase
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was neglected and the martensite start temperature was assumed to be the same as the
R-phase start temperature (Rj).

The curve in Fig. 9(b) clearly shows that there is no R-phase transformation and that the
weld has the typical behaviour of a fully annealed NiTi alloy. The significant
modification in the transformation behaviour occurs because welding resets the effects
of the cold-working and heat treatments carried out on the material during the
production process; so that the transformation temperatures of laser welded specimen

appear significantly different from those of the reference material as shown in Fig. 9.

3.3.2 MICRO-HARDNEES TESTS AND MICROSCOPIC INVESTIGATIONS

Microscopic observations and hardness measurements were carried out to analyse the
modifications in the microstructure induced by laser welding. In particular, to evaluate
the width of the Melting Zone (MZ) and the Heat Affected Zone (HAZ), microhardness
measurements, using a load of 200 g, and microscopic investigations were carried out
on a cross section of the welded joint. Fig. 10 shows the Vickers hardness, HV,, as a

function of the distance from the centre of the weld.
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Fig. 9: DSC thermograms: (a) reference material; (b) welded material
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The results show that there is no significant modification of the hardness values in the
welding zone compared with those of the reference material. The observed mean values

for the welded and reference materials are, respectively, 262 and 278 HV,,.
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Fig. 10: HV,, as a function of the distance from the centre of the weld (x)

The small variation in hardness is probably due to the production process of the
reference material, characterized by a low reduction in thickness (22%) and by a

successive ageing heat treatment, so that the hardening effect of the cold work in the
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reference material is partially reduced. Because of the small variation in hardness, an
accurate definition of the width of the MZ and the HAZ is difficult.

Therefore, microscopic investigations of the welded joint were performed; Fig. 11
shows a micrograph of a cross-section of the welded joint, which shows that towards the
centre of the welded zone (melting zone) a region of recrystallization is followed by a

columnar structure.

Fig. 11: Micrograph of a cross section of the welded joint

By combining the micro hardness results with the microscopic observations of the
welded zone an extension of about 1.5 mm and 1 mm, for the MZ and the HAZ,
respectively, is found.

Fig. 12 shows a light micrograph of the reference material, those relative to the HAZ
and MZ are reported in Fig. 13 e Fig. 14 respectively; figures show as the welding
process causes an enlargement of the grain size in the HAZ with respect to the reference
material. Furthermore, the reference material also shows a number of precipitates which
appears to be partially dissolved in the HAZ probably as consequence of solubilization
phenomena induced by the laser welding.

These precipitates are probably TiC compounds formed during the production of the
NiTi ingot; in particular, it is known that NiTi melts react with graphite crucibles and
the associated carbon pick up will affect the alloy properties (Zhang et al, 2005).
However, the nature and the influence of these precipitates could be investigated in

detail in the near future.
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The melting zone, in Fig. 14, shows a dendritic structure (Falvo et al, 2005;
Schlossmacher et al, 1995 and 1997), with large grains in the centre and small grains in
the upper and lower zones as consequence of the gradient in the cooling velocity; many

segregations at the grain boundaries, are also evident.

o

Fig. 13: Micrographs: (a) HAZ; (b) MZ
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Fig. 14: Micrographs: (a) HAZ; (b) MZ
3.3.3 MECHANICAL BEHAVIOUR

In this section, the mechanical behaviour of the welded joints are evaluated in terms of
stress-strain curve.

For the stress—strain tests, a universal testing machine (Instron 8500) was used while the
local deformation was measured by a resistance extensometer with a gauge length of 25
mm. Load and deformation outputs were acquired by means of a data acquisition
system represented by a personal computer equipped with a National Instruments
acquisition card (DAQ PCI-MIO16-E-1) controlled by the Labview® 6.0 software
package.

The specimens for stress—strain measurement were cut by Electro Discharge Machining
(EDM) (Theisen et al, 2004) according to the geometry and dimensions showed in Fig.
15, from the as received sheets and butt welded ones. All the welded specimens present

the weld bead in the middle of the gauge length as shown in figure.

Fig. 15: Specimen for thermo-mechanical cycle
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In order to evaluate the modification in the stress-strain behaviour of the material
produced by the welding process, standard tensile tests were carried out at a temperature
less than M.

The stress-strain curves of the welded and reference material are shown in Fig. 16.

The graphs clearly show a significant decrease in the mechanical strength of the welded
specimen compared with that of the unwelded one. An ultimate strength of about 1100
MPa with an elongation to fracture of about 12% is observed for the reference; the
welded specimen exhibits an ultimate strength of 520 MPa while the fracture always
occurs in the welding zone with an elongation of about 7%.

The curves in Fig. 16 also show that laser welding strongly reduces the martensitic
plateau, or rather the detwinning deformation is reduced probably as a consequence of
the slips in the HAZ; in particular, in the welded zone, the stress necessary to produce
detwinned martensite is higher than the stress for slips. The lower resistance of the
welded material and the reduce of the detwinning deformation mechanism could be due
to the microstructure modifications in the welded zone in terms of segregations,

enlargement of grains and dendrites.
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Fig. 16: Stress-Strain curve of reference and welded materials
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Fig. 17: Stress-Strain curves related to an £=2.7%

However, as reported in Fig. 17, the comparison between the stress-strain curves of both
welded and reference material for a total deformation & = 2.7%, shows that the
reference and welded material exhibit a similar behaviour; probably in this range of
deformation the stresses are not high enough to produce slips in the HAZ so that the
prevalent deformation mechanisms is the detwinning. In fact, an heating over the As
temperature, executed to induce the recovery of the deformation by SME, have shown
that no irrecoverable strain appears in both materials, confirming that for lower values
of deformation, the SME is preserved in the welded joints. Increasing the total strain &
the behaviour of the two materials becomes different, as evident in Fig. 16, and higher
irrecoverable strain appears in the welded one. In fact, for a £=6.2%, irrecoverable
strain of about 0.3% and 1.7% are observed in the reference and welded specimens,
respectively. Although the results show that the material becomes more brittle as a
consequence of the welding process, a ductile behaviour of the joint is confirmed by the
high value of the elongation to fracture. In fact, the SEM observations of the fracture
surface show the coexistence of both brittle and ductile fracture mechanism of the
welded joints as shown in Fig 18(a). The Fig. 18(b) shows an example of cleavage

fracture zone observed.
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3.4 SHAPE MEMORY BEHAVIOUR OF NIT1 WELDED JOINTS

3.4.1 SPECIMEN PREPARATION AND EXPERIMENTS

Starting from the results obtained in the previous investigation, an optimization of the
welding processes was carried out in order to increase the welded joints performance.
Furthermore, a different procedure for specimen preparation, in terms of thermal
treatment, is used with respect to the studies reported in the previous paragraph.

A better working of the welding equipment is assured by some shrewdness and
adjustments; in particular, a better seal of the chamber, a more efficient aspiration of the
smoke and a more useful contribution of the positioning system are obtained. The
process parameters chosen for the realization of the butt welded sheets have been: spot
diameter = 0.6 mm; welding rate = 1.6 m/min; average power = 1000 W.

The material used in this investigation is the same of the previous one but, in this case,
the welding processes was carried out on the cold worked sheets before any thermal
treatment. Successively, welded materials were thermally treated at 700 °C for 20 min
in order to relax the residual stresses generated by the welding process; this procedure
permits to investigate the intrinsic material behaviour and to evaluate the response of
the welded material to cold working process such that a training procedure executed by
induce plastic deformation in the martensitic structure. After the thermal treatment, the
nominal Mg temperature of the NiTi alloy is about 60 °C. The experimental
characterization of the base material subjected to the same production procedure are

reported in the previous chapter.
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Fig. 16: SEM micrographs of the fracture surface:

(a) coexistence of ductile and fragile fracture; (b) cleavage fracture

3.4.2 MICRO-HARDNEES TESTS AND MICROSCOPIC INVESTIGATIONS

In Fig. 17 a micrograph of the section of the obtained welded joint is reported. The
micrograph clearly shows the same structure observed in the previous observations. In
particular, an enlargement of the grain size in the HAZ is also detected together with the
columnar structures with large grains of the MZ; however, a significant reduction of the

segregation at grain boundaries and dendrites is observed.
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Fig. 17: Micrograph of the welded joint

The microhardness measurements, executed on a transversal section of the joint, have
shown a mean value of 270 HV,, for the base material, 292 HV,, for the HAZ and 314
HV,, for the MZ. Differently from the previous investigation, a different extensions of
HAZ (1.2 mm) and MZ (0.3 mm) are measured; these results are due to the optimization
of the welding procedure. In particular, the lower extension of the HAZ and MZ prove
that a better setting of parameters and welding setup is obtained with a consequently
lower overheating of the material in these tests. It is important to point out that these

observations are relative to the joints before any thermal treatment

3.4.3. EFFECTS OF THERMAL TREATMENT

Both base and welded specimens, which were used for tensile testing and thermo-
mechanical training, were produced according to the shape and dimensions shown in
Fig. 18, by electro-discharge machining. In this investigation, the welded specimens
were made with the weld bead along the load axis; this type of specimen permits to
have a better understanding of the influence of the laser welding and to nullify the

dependence of the results from the gauge length dimension.
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Fig. 18: Specimen for thermomechanical tests

In Fig. 19 the mechanical characterization of both welded and base materials, in terms
of isothermal stress—strain tests, carried out in tensile mode at room temperature for a
total deformation & = 3.5%, are reported.

The effects of the thermal treatment (700 C for 20 min) on the stress—strain behaviour
are evaluated, through a comparison between treated and untreated materials. In
particular, Fig. 19(a) and (b) illustrates the results for the base and welded materials,
respectively.

Fig. 19(a) clearly shows, as explained in the previous chapter, that the stress—strain
response of the base material is strongly affected by the thermal treatment. Fig. 19(b)
illustrates the stress—strain curves of the welded material; the similar behaviour
observed between treated and untreated specimens is due to the welding process that
nullify the effects of cold working. In particular, both treated and untreated materials
exhibit the characteristic reorientation plateau, with a stress for the onset of the
detwinning of about 220MPa; however, a small decrease in the slope of the stress
plateau, as a consequence of the residual stress relaxation is observed. The increase in
the stress for the onset of the detwinning, between base (120 MPa) and welded
materials, is probably due to the effects of the thermal treatment on the different

microstructure of the base and welded material.
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Fig. 19: Stress—strain response of the thermally treated material and untreated one:

(a) base material; (b) welded material.

3.4.3 TRAINING AND TWO-WAY SHAPE MEMORY BEHAVIOUR

The investigation of the shape memory behaviour of the welded joints was carried out

by repeated training cycles executed for a fixed values of training deformation; then the

results related to welded and reference material are compared in order to understand the

effects of laser welding.
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The thermo-mechanical cycles were carried out by a universal testing machine (Instron
8500, USA), equipped with a furnace (MTS 653, USA). The local deformations of the
specimen were measured by a resistance extensometer with a gauge length of 10 mm,
while the temperature was acquired, in the middle of the gauge length, by a J-type
(Fe/Cu—Ni) thermocouple.

The training procedure was carried out through the repetition of several thermo-
mechanical cycles composed of four subsequent steps as shown in Fig. 20: (1) strain
controlled uniaxial tensile loading at a strain rate of 0.06 min—1 up to a training
deformation &, = 3.5%; (2) complete unloading at the same rate and recording the
residual strain g (3) heating up to Ar to activate SME and measuring the recovery
deformation &, and plastic strain ,; (4) cooling down to Mf and recording the two-way
shape memory strain &gy

The modification of the stress—strain response of the thermally treated specimens,
during thermo-mechanical training, is shown in Fig. 21 for a training deformation &, =
3.5%. Eight subsequent training cycles were carried out on the base specimens, while
only seven cycles were executed on the welded specimens in order to avoid fracture.
Fig. 21(a) shows the stress—strain curves of the base material for the first, an
intermediate and the last thermo-mechanical cycle, while Fig. 21(b) illustrates the
curves related to the welded material.

Both materials show a similar behaviour: when increasing the number of training cycles
an hardening is observed, resulting in large stress level, together with a decrease in the
stress for the onset of the detwinning. As shown in Fig. 21(b) this effect is more evident
in the welded material, resulting in a very high slope of the reorientation plateau after
seven cycles.

A better understanding of these effects can be obtained by evaluating the evolution of
the deformation during the cycling.

Fig. 22(a) and (b) shows the measured &, €. and g,, versus the number of training

cycles for the thermally treated base and welded materials, respectively.
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Fig. 20: Thermo-mechanical cycle to induce the two-way shape memory behaviour

Fig. 22(a) clearly shows that in the base material &, increases with increasing the
number of training cycles and a similar behaviour is observed for &, and g, In
particular, &, increases from 0.6%, at the first cycle, to 1.7% after eight cycles, while &
and g, increase from 2.7% to 3.9% and from 0.6% to 2%, respectively. As shown in Fig.
22(b), the thermally treated welded specimens exhibit a different behaviour; in fact, &y
and & increase in the first five training cycles, from 0.5% to 1.3% and from 2.5% to
3.4% respectively, while they decrease with further increasing the number of cycles, as
a consequence of the strong increase in the plastic deformation g,.

It is important to point out that in this plastic deformation, also known as material
amnesia, are computed the deformation due to the stabilization of the martensite
variants. The lower resistance of the welded joints to the development of dislocations in
the weld bead (Tuissi et al 1999) increase the residual stress field in the material at each
cycle with a consequently increase of the martensite stabilization effects. These
observations justify the more rapid increase of the plateau slop and the strong decrease
of the detwinning stress because, at each cycle, more martensitic variants are first
elastically and then plastically deformed in the welded material. The achieving of a
maximum value for g, and &, in the investigated range, confirms these observations as

well as the concomitant rapid increase of g,
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Fig. 21: Stress—strain curves measured during thermo-mechanical training

(a) base material; (b) welded material.
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Fig. 22: Shape memory behaviour and plastic strain of the thermally treated materials vs. the
number of training cycles: (a) base material; (b) welded material

The transformation temperatures of the thermally treated base and welded materials
were measured, after thermo-mechanical training, from the hysteresis loops using a
slope line extension method, as schematically shown in Fig. 23 where the hysteresis

loop of the welded specimen after seven training cycles, is illustrated.
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In Table 1 the measured transformation temperatures of the two materials are compared
and an increase in all transformation temperatures is observed in the welded specimen,
with respect to the base one. The major increase in the transformation temperatures
observed in the welded material confirms that more stabilized martensitic variants are

present in the material.
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Fig. 23: Hysteresis loop of the thermally treated welded specimen after seven
training cycles

Table 1: Temperature di trasformazione [°C]

Mf MS As Af
Reference 50 64 &0 95
Welded 54 70 90 112
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CHAPTER 5

NUMERICAL MODELLING OF TWSME IN NITI

ALLOYS

5.1 OVERVIEW

In order to better investigate the potentialities of SMAs, several mathematical model
were developed in the last decades, to describe the mechanical and functional behaviour
of NiTi alloys (Gall et al. 2000, Pavia et al. 2006). Some of these models are based on
microscopic and mesoscopic approaches (Gall et al. 2000, Pavia et al. 2006), where the
thermo-mechanical behaviour is modelled starting from molecular level and lattice
level, respectively; other models are based on macroscopic approaches, where only
phenomenological features of the SMAs are used. The advantage of the microscopic
and mesoscopic approaches is their ability to predict the material response using only
the crystallographical parameters; however, the high computational resources required
to be performed is an important drawback that reduce their application for modelling

structural response of SMAs. Instead, phenomenological models do not predict the
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behaviour of the material on microscopic level, but the effective behaviour of the
polycrystalline SMAs; so that, these models have the advantage of being easily
integrated into an existing structural modelling system based, for example, on the finite
element method.

The micromechanics-based models start from the crystallographic modelling of a single
crystal to obtain the polycrystalline response of the SMA. Such models have been
presented in the literature by different researchers. As an example, one of these model
based on the analysis of phase transformation in single crystals was presented by Patoor
et al. (1988, 1994 and 1996). A micromechanical model for SMAs which is able to
simulate the functional behaviour, such as superelasticity and shape memory effect, was
presented by Sun et al. (1993 a,b); the model, starting from energy considerations, is
able to simulate the material behaviour by considering the evolution of the martensitic
volume fraction. One of the recent micromechanical models for SMA has been
presented by Gao et al. (2000a,b).

In the field of the model based on a phenomenological approach, some authors
proposed one-dimensional models (Falk 1980 and 1983, Boyd et al 1994, Brinson 1993,
Liang et al. 1990 and 1992, Tanaka et al. 1982 and 1995). Some of these models are
based on an assumed polynomial-free energy potential (Falk 1980 and 1983) which
allows SE and OWSME simulation; other models are based on an assumed phase
transformation kinetics and consider simple mathematical functions to describe the
phase transformation behaviour of the material (Brinson 1993, Liang et al. 1990 and
1992, Tanaka et al. 1982 and 1995). These models probably are the most popular in the
literature, due to their phenomenological approaches which allow easy developments
without considering the underlying physics of the transformation kinetic. Other models
are based on the elastoplasticity theory (Bertran 1982, Souza et al. 1998, Auricchio et al.
1997 a,b,c, Marfia et al. 2003) which are capable to describe the functional behaviour of
the material using plasticity concepts.

Most of the constitutive models reported in literature assume a rate-independent
behaviour of the material. As explained in the previous chapters, a strong influence of
the strain rate on the material behaviour is instead well known. The model developed by

Abeyaratne et al. (1993 and 1994a,b) consider this dependence.
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Recently, some researchers, based on the experimental observations, have tried to model
the behaviour of SMAs under cycling loading. In particular, the accumulation of plastic
strain, the evolution of the hysteresis loop with the number of cycles and the incoming
of TWSME are taken in account. One-dimensional models for the behaviour of SMA
wires under cycling loading have been presented by Lexcellent et al. (1996 and 2000);
Tanaka et al. (1995), among others. One of the most recent works on the cyclic
behaviour of SMA wires has been presented in a series of papers by Bo et al. (1999
a,b,c,d). In that work most of the issues regarding behaviour of SMA wires under
cycling loading, including the development of TWSME, have been addressed and the
results compared with the experimental data.

In this chapter, a model to predict TWSME of NiTi alloys is proposed. The model is
able to describe the thermal hysteretic behaviour of the material in a phenomenological
way, without considering the underlying physics of the phase transformation. In
particular, the proposed approach is based on a Preisach-like hysteresis model (Ge et al.
1997), such as the Prandtl-Ishlinskii operators, which were widely used in the last few
years to simulate the hysteretic behaviour of magnetostrictive and piezoelectric
actuators (Krejci et al. 2001, Kuhnen et al. 2001) while an attempt in using these
operators to model the TWSME in NiTi alloys is reported in (Falvo et al. 2007).
Although some of the pre-existing phenomenological models are able to capture several
behaviours of NiTi alloys, the main advantages of the proposed approach consist in a
very simple implementation as well as a good efficiency and accuracy in predicting the
whole strain-temperature hysteretic behaviour under constant stress conditions, i.e.
describes the response of the material under a generic temperature path with both
complete and incomplete phase transformations. Furthermore, the proposed model,
unlike most of the literature models, captures the hysteresis modifications with
increasing external stress observed in thermal cycling experiments under constant loads,
i.e. the variation of both two-way shape memory strain and phase transition
temperatures. Finally, the model shows also a high computational efficiency, which
allows its use in real-time applications. On the other hand the main drawbacks of the
model consist in its one dimensional nature, which limits its use in the range of

applications where one dimensional assumptions can be made.
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Proper numerical procedures were developed to identify the model parameters, which
allow the simulation of the complex hysteretic nonlinearities of NiTi alloys, starting
from some experimentally measured thermo-mechanical characteristics. The robustness
and efficiency of the proposed method was analyzed through a comparison between
experimental measurements and numerical predictions. In particular, complete and
incomplete martensitic transformations were analyzed as well as the effects of applied
stress, and a satisfactory accuracy and efficiency was observed in all cases; therefore the

proposed model is particularly suitable for use in real-time applications.

5.2 NUMERICAL MODELLING OF TWSME

Starting from some of the experimental measurements reported in Chapter 2, a
numerical model which is able to describe the hysteretic behaviour characteristic of the
TWSME was presented. The model was developed in the commercial software package
Simulink® and is also able to simulate the effects of applied stresses on the TWSME as
well as partial thermal cycles, which generate incomplete martensitic transformations.

In order to clearly describe the model the measured strain are redefined according to the
training cycle reported in Fig. 1: (1) strain controlled uniaxial loading up to a training
deformation &;; (2) complete unloading and recording the residual strain ¢,; (3) heating
up to the temperature austenite finish (4)), in stress free conditions, to activate SME and
measuring the recovery deformation ¢,. and permanent strain ¢,; (4) cooling down to the
temperature martensite finish (M), in stress free conditions, and recording the two way

shape memory strain &,.
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Fig. 1: Training cycles used for the numerical modelling

In Fig. 2 the stress free thermal hysteresis behaviour strain versus temperature,
describing the two way shape memory effect of the trained material, is shown. The
figure also illustrates the phase transition temperatures, which were identified by using
the slope line extension method, drawing two tangential lines along the transforming
strain-temperature curves. The subscript 0 in the figure indicates that the measurements

were performed in stress free condition.
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Fig. 2: Stress free thermal hysteresis behaviour of the trained material
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In table 1 the measured transformation temperature of the trained material in stress free

condition are reported.

Table 1: Measured phase transition temperatures [°C]

MSO Mﬂ) ASO Aﬂ)

49 66 84 101

The effects of applied stress are shown in Fig. 3 where the thermal hysteresis loops in
stress free condition, under 50 and 100 MPa are reported.

Fig. 4 shows the transformation temperatures versus the applied tensile stress; in
particular, the points represent the measured characteristic temperatures in the range 0-
100 MPa, while the continues lines are obtained by a linear fit of the experimental data.
As clearly shown in the figure a linear response stress-versus temperatures can be

assumed, in the investigated range of stress.
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Fig. 3: Thermal hysteresis behaviour under fixed tensile stress
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The slopes of the lines by, buy, bas and by, are material constants; furthermore, in the Ti
rich NiTi alloys the slopes of the martensitic transition temperatures, by, and byy; can be
assumed to be the same, as well as the slopes relative to the austenitic transition

temperatures by, and bys (Hamilton et al. 2004), therefore only two constants, by, and
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Fig. 4: Phase transition temperatures versus applied stress

b4, can be used and the following values were obtained:

The transformation temperatures as function of the applied stress can be obtained as

follows:

M

by,

s

+b
=M W _011°CMPa™, b,=-2
2 2

M:O.12°CMPa’1.

M =M,+b,o, M,=M, +b,c

A =A4,+b,0,

A, =4, +b,0.
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Fig. 5 shows the measured values of the two way shape memory strain &, as a function
of the applied stress o, together with a comparison with &9, which represents the
measured two way strain in stress free condition. The graph clearly shows that a linear
behaviour between &,, and ¢ can be assumed in the investigated range of stress.

In a pure phenomenological way the variation in &, with respect to the stress free
condition, as shown in Eq. (4), can be attributed to two different mechanisms: (1) the
variation of the Young’s modulus in the thermal hysteresis behaviour between
martensite and austenite; (2) the increased volume fraction of favourably oriented

martensite variants with increasing external stress (Hamilton et al. 2004),

1 1

Ae, =€ —¢€ .=l ——— |o+co (4)

w tw w0 E E
M A

where Ejrand E 4 represent the Young’s moduli of martensite and austenite, respectively,
while ¢ can be assumed as a material constant, and takes into account of the second
mechanism. In Fig. 15 the two terms of the right side of Eq. (4), which are indicated as
Aé&mech and Agmem, respectively, are also shown. In the graph the following values of the
aforementioned parameters were used: Ey= 36 10° MPa, E =67 10° MPa and ¢=8.5 10
MPa™. The Young’s modulus Ey; was measured in the early stage of the unloading path
of Fig. 4, while £, was obtained by a tensile test carried out at the temperature T=A¢;
finally, the parameter ¢ can be computed by using Eq. (4) starting from the values of

A&, and of the Young’s moduli, Eysand E .
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modulus of martensite and austenite, A&yeen; effect of increased volume fraction of favourably oriented
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5.2.1 NUMERICAL MODEL

Based on the experimental observations described in the previous section, a one-
dimensional phenomenological model was developed, which is based on the so-called
Prandtl-Ishlinksii operator (Krejci et al. 2001, Kuhnen et al. 2001). As illustrated in
detail in the following the proposed approach has a relatively simple formulation with
parameters that can be easily calculated from a set of experimental measurements,
without considering the complex mechanism of phase transformation. In addition, the
model predicts the whole strain-temperature hysteretic behaviour, i.e. describes the
response of the material under a generic temperature path, and it captures hysteresis
modifications with increasing external stress observed in thermal cycling experiments
under constant loads.

The model parameters are calculated starting from two simple mathematical functions,
obtained by a numerical fitting of the experimental data, which describe the phase

transformation kinetics. In particular, as reported in the model proposed by Tanaka and
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Nagaki (1982), the heating and cooling branches of the hysteresis loop can be

represented by two exponential curves:

)

&, e AT VN
E =
g, [1—e™ T 4 M

where &, M; and A are function of the applied stress as reported in Egs. (3) and (4);
ay, a4, 0Ty and 8T, which define the shape of the heating and cooling branches of the
loop, are material constants and can be identified by a numerical fitting of the
experimental data.

Fig. 6(a) shows a comparison between experimental measurement and exponential
curves; in the figure the points P; and P represent the range where the numerical fitting
is executed to identify the parameters of the heating branch of the loop, while the points
P; and P4 are relative to the cooling branch. In Fig. 6(b) a linear fitting, between the
points P; and P,, of the experimental data in the 7-Log.(&) plane is shown, where the
slope of the line defines the parameter a, and the intersection with the Log.(&) axis

allows to obtain the parameter 57),.
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Fig. 6: Numerical fitting of the experimental data: a) comparison between exponential curves and
experimental measurements; b) numerical fitting in the T-Log.(&) plane to identify the parameters of the

exponential curve in the heating branch of the hysteresis loop
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If the loop is characterized by an odd symmetry with respect to its centre, as it is quite
well observed in the investigated material, the same values can be assumed for the

constants a4 and ays and o674 and 6T}, and the following values were found:

_Log(7.66)
toA-4,

=da

OT, =oT, =-2.64 °C (6)

As clearly shown in Fig. 6(a), a good agreement is observed between exponential curves
and experimental results in the range P;-P,, in the heating stage, and P3-P4, in the
cooling branch of the loop, while the errors increase significantly when the temperature
is above A during heating and below M in the cooling branch of the loop. However,
this drawback will be partially overcome by using a modified Prandtl-Ishlinksii
operator, as discussed in the following.

The exponential curves describe the two branches of the hysteresis loop in a parametric
way for a generic value of the applied stress, by using the Eqgs.(3)-(5). Starting from the
curves &—7, the numerical method based on the Prandtl-Ishlinksii operator, was
developed, which is able to predict the output response for a generic temperature signal.
The basic idea of this approach consists in modelling the hysteretic behaviour by a
weighted superposition of many so called elementary hysteresis operators. These
operators have a simple mathematical structure, which are characterized by one or more

parameters, and one of the most familiar is the so called backlash operator H,:
y(t):Hr[xayO](t): (7)

where ¢ represents the time, x and y are the input and output variables, respectively, yy is
the initial value of the output. As shown in Fig. 7(a), the backlash operator is
characterized by the control input threshold value », which is equal to one half of the
deadband width dw. A generalized backlash operator is obtained by multiplying the

backlash operator H, by a weight value w:
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y(t)=wH,[x,y,](t), (8)

where the w defines the gain of the backlash operator and represents the slope of the
oblique line in Fig. 7(a). The parameter 24 in Fig. 7(a) represents the total amplitude of
the input signal.

To obtain a complex hysteretic loop the Prandtl-Ishlinskii hysteresis operator H can be
introduced, by a weighted superposition of many elementary operators, with different

threshold and weight values (Krejci et al. 2001, Kuhnen et al. 2001):

H={w{"{H,}, ©)

where {H,} is the vector of backlash operators and {w} is the corresponding vector of
weights.

As illustrated in Fig. 7(b) the proposed approach consists in modeling the hysteretic
loop by a linear piecewise discretization; the accuracy of the model can be improved by
increasing the total number of linear pieces, which represent the number of the backlash
operators. In Fig. 7(b) three backlash operators are used and they are moved in the
origin of the coordinate axis by choosing a proper value of the initial output, y;=dw/2,

and by subtracting a constant value, equal to dw/2, to the output signal.
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Fig. 7: (a) Generalized backlash operator; (b) Complex hysteretic loop obtained by a weighted

superposition of three backlash operators

The problem of modeling the hysterestic behaviour starting from the exponential curves
is now reduced to the determination of the deadband width vector {dw} of the backlash
operators and the associated gain vector {w}. By some geometrical consideration the

following simple relation can be used:

k
Vi = Z(dwk+1 —dw,)w, (10)

i=l1

where dw; represents the deadband width of the generic i-th backlash oparator; w; is the
corresponding gain; yy is the output value of the lower branch of the loop in the generic
point of discontinuity &, as shown in Fig. 7(b); the output values y; are identified by
using the exponential functions of Eq. (5). As shown in Fig. 7(b) the vector {dw}
represents a user defined discretization of the total amplitude of the input signal 24.

Equation (10) can be rewritten in matrix form as follows:

y=l4fw} an
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where the matrix [4] is constructed, for a given {dw} vector, by using Eq. (10); the
unknown vector {w} can be found by solving a system of N linear equations, where N is

the total number of backlash operators, as follows:

wh=[4]"{y} (12)

The numerical method described above was implemented in a Simulink® model, as
shown in Fig. 8. In the model, the backlash operators {H,} are combined in series with
gain operators, which represent the weight vector {w} reported in Eq. (8).
Unfortunately, this simple model is unable to represent dead zones of transformation,
therefore it doesn’t describe the behaviour of the material when the temperature is
above A4, during heating, and below Mj; in the cooling branch of the hysteresis loop, as
it is clearly illustrated in Fig. 6(a). To overcome this drawback the range of the
temperature is limited by a saturation operator, as illustrated in Fig. 8; in particular, this
operator imposes upper and lower bounds on the temperature, which are 4, and M;
respectively, so that when the temperature is outside these bounds the signal is clipped

to the upper or lower bound.
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Fig. 8: Simulink model of the Prandtl-Ishlinskii hysteresis operator

In Fig. 9 the response of the numerical model, in terms of strain-temperature loop, is
illustrated, for a thermal cycle between the temperatures To<M; and T>4; the figure
clearly shows that the hysteretic behaviour of the material is properly described in the
range of temperature between My and A4y, and the dead zone of transformation, when the

temperature exceeds A or falls below M, are also simulated.
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Fig. 9: Numerically simulated loop for a thermal cycle between the temperatures To<M;

Unfortunately, when comparing the experimental results with the numerically simulated

loops high errors are observed in the extremity of the hysteretic region, or better when

the temperatures is below My, during cooling and above 4, during heating. To overcome

this limitation the modified Simulink model, illustrated in Fig. 20, was developed.
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Fig. 10: Simulink model of the modified Prandtl-Ishlinskii hysteresis operator

The model uses two subsystems, for the heating and cooling branches of the loop,

which modifies the output response of the system when the temperature is near My and

Ay In particular, each subsystem implements a weighted superposition of several dead

band operators, which is executed by the series of a dead band block and a gain block,
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while the saturation block assure that the correction is carried out only in a limited range
of temperatures near Mrand Ay Fig. 11 shows a simulated hysteresis loop, obtained by
the modified model, between the temperatures To<M; and T,>4;; the figure clearly
shows that the model allows a better simulation of the extremity of the hysteretic region

with respect to Fig. 9.
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Fig. 11: Numerically simulated loop for a thermal cycle between the temperatures To<M,and T>4;,

obtained by the modified Prandtl-Ishlinskii model

5.2.2 VALIDATION OF THE PROPOSED MODEL

In this section the accuracy and efficiency of the proposed numerical method is
illustrated by comparing some experimentally measured hysteresis loops with the
corresponding numerical predictions. The simulations were carried out by using a
model with 20 backlash operators and 5 dead zone operators to modify the loops in the
extremity of the hysteretic region.

Fig. 12 shows a comparison between experimentally measured hysteresis loop for a
stress free martensitic transformation, between the temperatures To<M; and T,>A4; and
the numerically simulated loop; the figure clearly shows a good accuracy of the

numerical model with very small errors.
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Fig. 12: Comparison between experimental measurements and numerical predictions for a stress free

thermal cycle between the temperatures To<Myand T >4,

In Fig. 13 a comparison between numerical predictions and experimental results when
the material is subjected to a tensile stress of 50 MPa, Fig. 13(a), and 100 MPa, Fig.
13(b), is shown. Also in this case a satisfactory agreement is observed but the errors
increase when increasing the applied stress as shown in Fig. 13(b). However, its
important to point out that the model parameters were identified by using the hysteresis
loop of the previous example, which was obtained in stress free condition, and by

applying Egs. (2)-(4) to modify both the transformation temperature and &,,.
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Fig. 13: Comparison between experimental measurements and numerical predictions for a thermal cycle

between the temperatures To<M, and T,>4,under a fixed tensile stress: a) 50 MPa; b) 100 MPa.

The accuracy of proposed model was also analyzed when the material is subjected to
partial thermal cycles, or better to incomplete martensitic transformations. Figures 14(a)
and (b) show the hysteretic behaviour of the material for two different temperature-time

paths in stress free condition; in particular Fig. 14(a) shows incomplete A—M
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transformations, while Fig. 14(b) illustrates incomplete M—A transformations. As

shown in the figures the comparison between experimental measurements and

numerical predictions show a good accordance in both cases. It is worth noting that the

same model parameters of the first example were used in these numerical simulations.
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Fig. 14: Comparison between experimental measurements and numerical predictions for two different

temperature-time paths: a) incomplete A—M transformations; b) incomplete M— A transformations.

In addition to the comparisons between numerical predictions and experimental

measurements illustrated above, further numerical simulations were carried out in order

90



to assess the response of the numerical model under different temperature paths. As an
example, Figs. 15 report the strain-temperature hysteretic behaviour of the material for a
temperature path which involves both incomplete A—M and M—A phase
transformations; in particular, Fig. 15(a) shows the simulated strain-temperature
hysteretic behaviour of the material in stress free conditions while Fig. 15(b) reports the
numerical results of the model under a constant applied stress of 100 MPa. Based on the
experimental validations reported above the results are likely to be accurate and
illustrate the capability of the model in predicting outer and inner hysteretic loops in
stress free conditions as well as under fixed values of applied stress.

Finally, Fig. 16 illustrates the numerical predictions of several subsequent thermal
cycles between the temperatures To<M; and T>4y, carried out for different values of
fixed applied stress in the range between 0 and 100 MPa. The figure clearly shows that
the numerical model is able to capture the hysteresis modifications, due to the applied
stress, in terms of both two-way strain and phase transition temperatures.

As a final remark, it is worth noting that the all numerical simulations were executed by
identifying the model parameters from the measured hysteresis loop in stress free
condition and by using Egs. (2)-(4) to describe hysteresis modification under fixed

applied stress.
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CHAPTER 5

BIOMIMETIC COATING OF NITI ALLOYS

5.1 OVERVIEW

NiTi alloys has been increasingly applied to medical and dental appliances due to its
high damping capacity, high corrosion resistance and shape recovery (Castleman et al
1981; Dai, 1996). These properties could be very useful for the realization of
orthopaedic and dental implants. However, despite the satisfactory clinical use of NiTi
in some applications, the high Ni content in the alloy is of great concern with regards to
its biocompatibility (Castleman et al. 1981, Putters et al. 1992, Assad et al. 1994,
Shabalovskaya et al. 1995).

Original NiTi surface has revealed a tendency towards preferential oxidation of
titanium. This behaviour is in agreement with the fact that the free enthalpy of
formation of titanium oxides is negative and exceeds, in absolute value, the enthalpy of

formation of nickel oxides by at least two-three times (Gu et al, 2005). As a result, Ni is
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mostly present in elemental state on the NiTi surfaces; furthermore, due to corrosion
phenomena, it is possible that Ni dissolves from the inside material (Gu et al, 2005)
reducing the implant safety. In fact, Ni has been reported to be responsible for the clinic
toxic and allergic responses (Gu et al, 2005; Van Hunbeeck et al, 1998); so that, in order
to restraining Ni release, improving the NiTi biocompatibility, its necessary to modify
the material surface properties (Gu et al, 2005).

On the other hand, the use of the NiTi functional properties in the realization of
orthopaedic and dental implants is strongly related to their osteoconductivity. In fact,
biomaterial osteointegration is one of the most important aspects involved in the design
and realization of implants useful for the regeneration or substitution, as a results of
traumas or some pathologies, of bone in the human body (Fini et al. 2004).
Osteointegration depends not only on the characteristics and regenerative capability of
the host bone, but also on the properties of the implanted material (Fini et al. 2004). The
biological response to implant materials is directly related to their surface properties in
terms of morphological and chemical properties. In fact, the optimization of the bone
ingrowth strongly depends on the improvement of mechanical and biological
conditions at bone-implant interface; in particular, the surface treatments on the
materials, usually used in many orthopaedic and dental applications, have a fundamental
role for increasing the bone ingrowth rate and the mechanical properties of the bio
integrated joint (Nanci et al. 1999).

In the last few years, various approaches are currently under development to prevent
undesirable Ni release, ensuring NiTi implants safety and to improve the material
osteoconductivity (Gu et al. 2005, Firstov et al. 2002, Shabalovskaya et al. 1995, Chan
et al. 1990). Some researchers have persecuted this objective modifying the material
surface properties by different thermal and chemical treatments; however, the use of
coatings with high biological performance is probably more promising in terms of long
period safety shielding the substrate by the biological environment (Oliverira et al.
2003).

In this field, Hydroxyapatite (HA), and related Calcium-Phosphates (Ca-Ps), could be
very useful. These materials have been used in medicine because of their
biocompatibility and osteoconductive properties (Oliverira et al, 2003); however, their

low mechanical performance limit the application as structural materials. Their use as
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coating is probably the most useful way for their applicability permitting to obtain
implants with excellent strength, biocompatibility and bioactivity. In fact, these coatings
favour the take and the proliferation of the cells and, consequently, the vascularization
of the new tissue (Oliverira et al. 2003). In fact, it is already known that the essential
requirement for an artificial material to bond to living bone is the capability to form a
bone-like apatite layer on its surface in the body environment (Oliverira et al. 2003).
These effects assure lower risks of implant mobilization and a reduction of the
hospitalization period. Nevertheless, the applicability of this type of biocompatible
coatings needs a further improvement of their chemical, biological and mechanical
properties.

A large number of processes for coating metals, such as stainless steel and titanium
alloys, with Ca-Ps have been proposed for obtaining tough bioactive materials usable as
bone substitutes even under highly loaded conditions such as hip joints (Pham et al.
2000). Among them, titanium alloys coated with hydroxyapatite by plasma spray
method is already clinically used (Gan et al, 2004, De Groot et al. 1987). However, this
techniques is characterised by many drawbacks in terms of control of Ca-P phases,
adhesion, and the long term stability of the implant; furthermore, the high process
temperatures would reduce the mechanical properties of the substrate (Oliverira et al.
2003). As well known and reported in the previous chapters, the NiTi properties are
strongly influenced by the production conditions, and, in particular, by the thermal
effects due to the working process that modify the thermomechanical condition of the
alloys. For these reasons, the use of many of the common coating technologies are not
applicable for NiTi alloys especially in the case of low thickness components.

In the recent years, a new approach to coating materials, called biomimetic, has
attracted many interest because it allows to obtain Ca-P coatings bypassing many
drawbacks related to the other coating processes. This method consists on getting the
nucleation of the Ca-P on the substrate by precipitation, at physiological pH and
temperature values, from supersaturated solutions simulating the body fluids (Simulated
Boby Fluid, SBF) (Kim et al, 1997, Barrere et al. 2004, Gu et al. 2005). The process
strongly depends on the conditions of the substrate surface, then a control of its
chemistry and morphology is necessary in order to obtain a fast and uniform deposition

and a good adhesion of the coating (Kim et al. 1997, Gu et al 2005). For these reasons,
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surface pre-treatments, like thermal and chemical pre-treatment, can be carried out in
order to assure a better chemical bond between the coating and the substrate (Kim et al,
1997).

In this chapter, the effects of different surface conditions of a NiTi alloy on the
properties of the Ca-P coatings obtained by a biomimetic procedure are presented.

In order to understand the evolution of the nucleation process, the analysis were carried
out after different immersion times. The effects of chemical and thermal treatments
were investigated by Scanning Electron Microscopy (SEM), Energy Dispersive X-Ray
(EDX) and X-Ray Diffraction (XRD), in order to evaluate the chemistry and the
morphology of the material modified surfaces and the coatings. Finally, a comparison of

the results were carried out.

5.2 EXPERIMENTAL

5.2.1 PREPARATION OF SUBSTRATES

The material used in the experiment is a Ni-51 at.% Ti sheets produced by cold rolling
with a successive thermal treatment at 400°C for 45 min. Samples were cut from the
sheets to a size of 10 x 10 x 1 mm”; before any surface treatments, the specimens were
mechanically polished progressively using grits SiC emery papers (from 400 to 1200),
in order to remove macro-level surface defects and contaminations, then ultrasonically
cleaned for 10 min with pure acetone and distilled water separately, and, finally, dried
in air.

Two types of NiTi surface were analyzed in this investigation; the type 1 was obtained
by chemical etching using an HNO; solution, while the type 2 was obtained, after the
chemical etching, by thermal treatment carried out at 600 °C in air. Finally each
samples were thoroughly washed with distilled water and dried overnight at room
temperature. Successively, the two types of substrate were subjected to the coating

process carried out by dipping in a proper SBF (Simulated Body Fluid) solution.

96



5.2.2 BIOMIMETIC COATING PROCEDURE

In order to study the in vitro behaviour, every samples were incubated in a proper
simulated body fluid solution. A five times concentrated SBF was prepared, according
to Barrere et al. 2004, by dissolving reagent grade mixture of NaCl, CaCl, * 2H,0,
MgCl, * 2H,0, NaHCO3, Na,HPOy in distilled water. The use of supersaturated SBF
rise to the need of accelerate the deposition process. The solution was prepared at 37°C
under constant bubbling of carbon dioxide gas (CO;) in order to decrease the pH and to
obtain, consequently, the complete dissolution of the salts. In fact, it is well known that
low solution pH is required to increase ionic solubility if the accelerated techniques, that
is necessary for the supersaturated SBFs, were applied (Chou et al. 2004).

The SBF have a pH ~ 8 and the supply of CO, lead to pH ~ 6 allowing the complete
dissolution of the salts and so a clear solution. At this point, the supply of CO, was
stopped and each specimen was immersed separately in a plastic vessel filled with about
100 ml of SBF and put in an incubator at 37°C under continuous strirring. The pH of the
SBF progressively increase inducing the precipitation of the Ca-Ps that nucleate on the
substrate. In order to evaluate the evolution of the Ca-Ps deposition the specimens was
treated for 5 and 30 h and then taken out, rinsed with demineralised water and dried at

50°C in air.

5.3 RESULTS

5.3.1 ANALYSIS OF THE TREATED SURFACES

Before any treatments, the material presents a smooth surface, showed in Fig. 1 (a),
with many sketches, due to the mechanical polishing; this confirms the presence of a
very thin oxide layer made up during the production of the material and, in particular, as
consequence of the low temperature of the thermal treatment. The related XRD, in Fig.
1 (b), shows the characteristic peaks of a NiTi alloy together with a low peck related to
Ti,Ni compound that is present in the alloy as precipitates; furthermore, no evidence of

titanium oxides is observed as consequence of the low thickness of the layer.
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In Fig 2 (a) the type 1 surface is shown; the chemical etching, carried out using an
HNOs aqueous solution, creates a microporous surface with many pores of few microns
in diameter. Probably, this type of surface morphology is able to increase not only the
nucleation points for the apatite globs, but also the adherence between the coating and
the substrate.

Furthermore, the related XRD, Fig. 2 (b), shows the presence of a low crystalline
titanium oxides (TIO,) layer, as result of the oxidation occurred during the chemical
etching, together with an increase of the Ti,Ni peck probably due to the erosion made
by the etching that reveal the material internal state.

In Fig 3 (a) the type 2 surface is shown; as expected, the thermal treatment, carried out
after the chemical etching, creates an high oxidation of the material surface that seems
very roughly and made by very small crystals. The XRD pattern, shown in Fig. 3 (b),
confirms not only the high crystallinity of the surface, but also the low presence of
Nickel; in particular, the high NiTi peak is visible together with titanium oxides peaks
and very low Ni compounds peaks.

According to these results, the type 2 surface could be more biocompatible than the
others due to the very low Ni presence; however, further studies is necessary to
understand their long term chemical stability. Furthermore, both surface morphologies
are, probably, more useful for promoting the CaPs nucleation and adhesion, with respect
to the reference surface that is too much smooth for assure a good adhesion of the

coating.

5.3.2 ANALYSIS OF COATED SURFACES

After the surface pretreatments, the specimens were subjected to the biomimetic
coating. In order to evaluate the deposition process the specimens were immersed in the
SBF solution for 5 and 30 hours and then analyzed.

In Fig. 4 the SEM micrographs and the XRD pattern related to the type 1 surface after 5
hours of immersion in the SBF are reported. After only 5 hours of immersion, the
surface of the type 1 specimen appears to be randomly covered by many spherical

particles with dimension of few microns. As confirmed by the XRD analysis, these
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particles are hydroxyapatite (HA) globules that nucleate on the material in early stage of
the immersion time.

Increasing the immersion time, an increase in the apatite formation is observed as
confirmed by the broadness of the HA peaks observed in the XRD pattern shown in Fig.
5 (b). In particular, after 30 hours many agglomerates hydroxyapatite cover, in a non
uniform way, the surface of the material as can be seen in Fig. 5 (a).

In Fig. 6 an high magnification of the hydroxyapatite agglomerates is reported. The
figure shows that, during the deposition time, the hydroxyapatite globules increase in
number and in dimension, linking together to form large agglomerates. These
agglomerate are linked to the substrate by an glassy interface composed, probably, by
hydroxyapatite globules with nanometre dimensions (Barrere et al. 2004).

In Fig. 7 the results related to the type 2 specimen after 5 hours of immersion in the SBF
are reported. In particular, the type 2 surface seems to be no so able to induce the
deposition of the CaPs coating as the type 1. In fact, after 5 hours, very few HA
particles is observed on the material surface, as can be seen in Fig. 7 (a). The very low
HA peaks measured, visible in Fig. 7 (b), confirms that the nucleation process in the
type 2 specimen is more slow than in the type 1.

Furthermore, after 30 hours, the specimen surface appears to be randomly covered by
HA agglomerates and, as can be seen in Fig. 8 (a), many voids are present on the
coated surface. These observation are confirmed by the XRD pattern shown in Fig. 8 (b)
in which only one HA peak is observed. Furthermore, the HA agglomerate observed in
type 2 specimen have a very different morphology with respect to the type 1 case; in
particular, as reported in Fig. 9, the HA globules appears to be no linked together
probably as consequence of a different interaction with the substrate.

In order to evaluate the chemical composition of the coating, the EDX analysis of the
two coated specimens is carried out. As reported in Fig. 10, the EDX spectrums reveal a
different Ca/P ratio for the two types of surface. In particular, the Ca/P ratio for the type
1 is measured to 1.67 that is the characteristic value of the hydroxyapatite. For the type
2 specimen, a value of 1.31 have been measured; it can be speculated that the surface

layer does not only contain HA but also other apatites.
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Fig.1: Morphology of untreated NiTi surface (a) and related XRD patterns (b)
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Fig 3: Morphology of type 1 surface (a) and related XRD pattern (b)
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Fig 4: Morphology of type 1 surface (a) and related XRD pattern (b) after 5 hours of immersion in SBF
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Fig 6: Morphology of the hydroxyapatite agglomerate
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Fig 7: Morphology of type 2 surface (a) related XRD pattern (b) after 5 hours of immersion in the SBF
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Fig 8: Morphology of type 2 surface (a) related XRD pattern (b) after 30 hours of immersion in the SBF
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Fig 9: Morphology of the hydroxyapatite agglomerate
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Fig. 10: EDX pattern of type 1 (a) and type 2 (b) specimens after 30 hours of immersion in SBF
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CHAPTER 6

CONCLUSIONS & FUTURE WORK

6.1 SUMMARY AND CONCLUSIONS

In the present dissertation, the research activities carried out during my Doctoral Course
in Mechanical Engineering at the University of Calabria is reported. The research
regarded different aspects concerning Nickel-Titanium Shape Memory Alloys.

An experimental study about mechanical and functional properties of a Ni- 51 at.% Ti
alloy was executed evaluating also the effects due to Nd:YAG laser welding. In
particular, the deformation mechanisms involved in the material stress-strain behaviour
during thermomechanical cycling (training) was investigated; the incoming of the Two
Way Shape Memory Effect (TWSME) was studied together with the variation in the its
characteristic hysteretic behaviour under different applied stress. Furthermore, the
effects of a thermal treatment on the material behaviour are evaluated in terms of stress-

strain curve. Many of the experimental investigations summarized above, are executed
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on both base and welded materials and the results was compared in order to evaluate
their mechanical and functional performance.

The results confirms that the deformation mechanism involved in the shape memory
behaviour are related to the development of plastic strain and stabilized martensite in
the material structure during repeated training cycles. In the observed range of
deformation, a constant increase in the shape memory performance of the material was
observed confirming that the chosen thermal treatment favour the detwinning
deformation mechanism. During cycling, due to the development of plastic strain, an
internal stress field was created; this stress field interact with the phase transformation
during the thermal step of the training cycle, allowing the formation of a preferentially
oriented martensitic structures during cooling. This effects benefit the formation of the
TWSME in the material that, guided by the internal stresses remember a low
temperature shape. Increasing the number of training cycles, these structure was
stabilized by the residual stress field and do not participate to the transformation. The
increase in the phase transformation temperatures and in the slop of the stress plateau
together with a reduction in the stress for detwinning are the consequence of these
effects. Furthermore, when the material was subjected to an applied stress and thermally
cycled between the transformation temperatures, a proportional increase in the
deformation recovered for TWSME was observed as a consequence of the increase in
the internal stress field. According with the Clausius-Clapeyron rule, a further increase
in the transformation temperatures was measured. Finally, the thermal stability of the
TWME was analyzed subjecting the material at successive thermal treatments; the
results show a degradation in the deformation recovered for TWSME characterized by
an high cycles stabilization. These effect are probably due to the relaxation of the stress
field described before as consequence of a further stabilization of the martensitic
structures.

The observed welded joints show the same behaviour of the base material but a lower
resistance to plastic deformation. The thermal treatment carried out on the welded
material seems to relax the residual stress due to welding, as confirmed by the reduction
in the stress plateau slop. However, the welded joints show higher deformation with
respect to the base material when they are subjected to the same training cycles. This is

probably due to the different effects that the thermal treatment have on the
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microstructure of the welded material. In fact, the measurements show that a maximum
was reached for both one way and two way deformation, with a successive decrease for
higher number of cycles. These maximum values are observed together with an
exponential like increase of the plastic deformation that strongly damage the
martensitic structures avoiding the shape recovery. However, the welded joints seem to
have good shape memory performance but at lower deformation values compared to the
base material.

Future works could be oriented to the optimization of the welding processes in order to
improve the welded joints performance; the obtaining of a welded joint with high
functional performance is a interesting topic in order to realize innovative applications.
In particular, the realization and the characterization of a functionally graded NiTi
component obtaining by joining alloys with different properties could permit the
realization of “modular” actuators. These actuator could be useful for the production of
composites materials for shape and vibration control opening new perspective in many
industrial applications.

The experimental data acquired during the material testing was used to develop a robust
numerical method which is capable to simulate the two TWSME in Nickel-Titanium
alloys. The method is based on a phenomenological approach and uses the Prandtl-
Ishlinskii hysteresis operator to model the thermal hysteresis behaviour of the material
associated with the TWSME. Simple numerical procedures were developed to identify
the model parameters starting from the results of some experimental tests. It is worth
noting that a single set of experimental data, such as the hysteresis loop in the stress free
martensitic transformation and some well known thermo-mechanical parameters, is
required to model the whole strain-temperature hysteretic behaviour of the material
under constant applied stress.

The results show a good accuracy of the method in simulating the TWSME under
different values of fixed applied stresses and even in simulating incomplete martensitic
transformations. Furthermore, the model shows very small computational time,
therefore it is suitable for use in real time applications. The aforementioned
characteristics represent the main advantages of the proposed approach, with respect to
the other phenomenological models, while the most relevant drawback consists in its

one dimensional nature.
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Future works should be carried to analyze the capabilities of the proposed approach in
predicting the hysteretic behaviour of the material under more complex loading
conditions, such as simultaneous variation of both stress and temperature, through
specific experimental tests. Furthermore, to increase the practical usefulness of the
proposed method in controlling NiTi actuators, which are usually driven by an electric
current, further studies should be carried out to improve the model with the relationship
current versus temperature.

In this dissertation the results concerning the biomimetic coating of a surface modified
NiTi alloy is also reported. The results regard the first start up of a research activities
regarding the use of the NiTi alloy for the realization of osteoconductive implants; in
fact, their good damping properties, corrosion resistance and functional properties are of
great interest in this field.

In this research, the effects of two different surface treatments, executed on a NiTi
alloy, on the CaPs coating obtained by a biomimetic procedure are evaluated. The
biomimetic coating procedure are very interesting for NiTi alloys because of it is
conducted at low temperature, so that no degradation in the properties of the substrate
are induced during the process. However the technique are strongly influenced by the
surface morphology and chemical composition of the substrate, so that their preliminary
modification is often necessary.

The results show that both treatments are able to induce the nucleation of the CaPs on
the substrates, but different morphology and chemical properties of the coating are
observed in the two types of surfaces conditions analyzed. In particular, the chemical
treated surface seems to induce a more fast deposition of the apatite than the thermal
treated one, even if, after 30 hours both types of substrate appears to be covered by the
CaP coating. Furthermore, the coating deposited on the chemical treated substrates is
composed by hydroxyapatite, as confirmed by the Ca/P ratio measured using EDX
analysis, while the Ca/P ratio measured in the thermally treated coated samples
demonstrate that the coating is composed by various types of apatite compounds.

Future works must be oriented to optimize the coating procedure in order to obtain an
uniform coating of the material. A better control of the processes parameter are
necessary due to the low stability that permits the nucleation of the CaPs on the material

surface. Furthermore, a systematic study on the effects of different surface preparation
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procedure are certainly necessary. The coated substrate could be also investigated in
terms of shape memory behaviour in order to understand the adhesion when the material

is subjected to high deformation recovery.
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