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Abstract

Abstract

The dependence of transformation temperatures of shape memory alloys on the
number and concentration of valence electrons are studied. This dependence is further
analyzed for NiTi-based alloys followed by an investigation of the effect of
precipitation on the M, temperature, and the influence of composition change on the
local atomic structure and transformation temperature of NiTiHf alloys. The bond
evolution and change of transformation temperature during the local chemistry change

of a NiysTisoCuys melt-spun ribbon during crystallization is also studied.

The shape memory alloys are categorized into low (e /a<5), medium
(5<e,/a<7.50), and high (e,/a>7.50) valence electron groups. For majority of alloys in
medium and high valence electron group, clear correlations between transformation
temperatures and their valence electron concentration (c,) are found. The M, and A,
both decrease from 1100 and 1150°C to as low as -206°C and -153°C respectively,
with increasing ¢, from 0.10 to around 0.30. When the number of valence electrons per
atom is high (e,/a>7.50), the transformation temperatures show much less dependence
on c¢,. High electron NiMnX (X=Ga, In, Al) Heusler alloys containing Mn (>30 at%)
show high transformation temperatures at high ¢, values most likely due to anti-
ferromagnetism of excess Mn which reduces the elastic moduli. The low valence
electron group shows significantly lower transformation temperatures for their ¢,
values compared to the main group. The influence of valence electron concentration is
discussed on the basis of the variations of elastic moduli of the alloys as a result of

composition change.

For NiTi-based alloys, two distinct trends of transformation temperatures with
respect to the number of valence electrons per atom are found depending on whether
ev/a =7 or e/a # 7. Clear correlations between transformation temperatures and c,
exist. M and A decrease consistently with increasing ¢,. The possible influence of
alloying elements atomic size on transformation hysteresis is also introduced.
Furthermore, for these alloys, the changes of martensite start temperature (Ms) as a
result of second phase precipitation are studied. The alteration of M; as a result of
precipitation is mainly due to the change of electron concentration of the matrix

because of its composition change.

\
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Abstract

The extrinsic effect of the precipitates on M is also discussed on the basis of their

quantity in the as-quenched and aged microstructures.

Local atomic structure investigation of a number of NiTiHf shape memory
alloys are carried out using quanititative X-ray diffraction (XRD). At the same Hf
content, Ti-rich alloys exhibit larger cell volumes than Ni-rich alloys. The equiatomic
alloys show smaller unit cell volumes than Ti-rich and Ni-rich groups possibly due to
more isotropic bonding. The e,/a and ¢, of the alloys influence the atomic bond lengths
and unit cell dimensions. The similar tendency of Hf towards occupancy in Ni and Ti

sites, results in its preference for available sites in the structure.

The local atomic environment of an amorphous NiysTisoCuys met-spun ribbon
and bond evolution during its crystallization were studied as an example of the change
of local chemistry and its effect on transformation temperature of the alloy, by
extended x-ray absorption fine structure (EXAFS) spectroscopy and differential
scanning calorimetry (DSC). In the amorphous alloy the interatomic distances of Ni-Ti
and Cu-Ti are distinct from Ti-Ti and can be indicative of the formation of two types
of dominant polyhedra or distorted polyhedral clusters centered with Ni and Cu, with
majority of shell atoms being Ti. The overall increase of the coordination numbers of
Ni, Ti, and Cu by crystallization and an evidence for structural relaxation suggest the
melt-spun alloy ribbon contains a combination of ordered structures and free volume
prior to the heat treatment. Copper and nickel are co-located as their absorption spectra
are similar. Although crystallization occurs rapidly (within 4 mins), the local atomic
environment change persists at longer annealing times (up to 10 mins). An increase in
the Ti-Ti and Cu-Cu homo-bond fractions at early and intermediate annealing times
suggests these species segregate between two phases. Crystallization continues by a
short-range Ti and Cu diffusion dominated process, as the near-neighbor structures of
Ti and Cu change considerably more than Ni during annealing to homogenize the
microstructure followed by possible precipitation of a TiCu compound. The
segregation of Cu and Ti results in the change of chemical composition of the
crystalline phase and brings about the variation of transformation temperature of the

alloy during crystallization.
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Chapter 1

1 Introduction

1.1 Background

Shape memory alloys (SMAs) are a group of metallic materials which have the
ability to undergo large deformations while reverting back to their original
undeformed shape through either heating (shape memory effect) or removal of the
load (superelastic effect). Although shape memory was discovered in the 1930’s, it
was not until the discovery of shape memory properties in near equiatomic NiTi (also
known as Nitinol) by Buehler and Wiley at the Naval Ordnance Laboratory that
research into the mechanics and applications of shape memory alloys began [1].
During the past two decades, several advances have been made in understanding the
mechanisms associated with the shape memory and superelastic effects, their
thermomechanical behavior, and the fabrication and production of SMAs leading to
higher quality and more reliable materials at lower costs. Shape memory alloys are
produced through casting and thermomechanical processing in the form of bulk, wire
or sheets, or through melt-spinning technique in the form of thin ribbons with initially
nearly amorphous microstructure. These advances have prompted increased interest in
the use of these materials in a number of functional engineering and commercial

applications.

The shape memory properties of SMAs are due to a temperature-dependent or
magnetic-induced martensitic phase transformation from a low-symmetry to a highly
symmetric crystallographic structure. In shape-memory alloys, the martensitic phase
change is reversible and often termed thermoelastic [2,3]. When cooling a shape-
memory alloy from high temperature, the transformation produces a martensitic
microstructure which can completely transform to the parent phase (high temperature,

high symmetry) upon reheating [4].
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Transformation temperatures of shape memory alloys are of paramount
importance from both fundamental and technological points of view [4-12]. For
instance, in NiTi as the most famous shape memory alloy, the transformation
temperature and hysteresis can be altered by introducing alloying elements to satisfy
the high or low temperature applications. Addition of various transition metals to NiTi
that either elevate or lower the transformation temperatures has been studied [13-47],
part of which has been reviewed by Otsuka et al [11]. Apart from the selection of
alloying elements, their replacement for either Ni or Ti, or both is also of paramount
importance. For instance, when W is added to replace Ni, the M, temperature is above
room temperature; whereas when it replaces Ti, the M temperature drops to below
room temperature [22]. Similarly, For NisoMn,sGays which is another shape memory
system of magnetic nature alloying elements have been added to alter the properties
and/or transformation temperatures. Despite many efforts to relate transformation
temperatures to chemical composition, the dependence of M; and A; on alloy
composition has remained unclear, and the design of shape memory alloys, is rather
empirical, due to the lack of an in-depth understanding about the effect of composition
change. The key influential factors that have been referred to are elastic constants of

the parent crystal and microstructural features such as precipitates [11].

1.2 Present Research

It has been shown that in shape memory alloys, prior to martensitic
transformation a softening of elastic constant occurs with lowering temperature.
Experimental results, mainly in Cu-based and also in NiTi-based shape memory alloys
[8-10,12] and the studies of Clapp [48,49] show that there is a critical value of elastic
constant at which transformation takes place. This value is not sensitive to alloy
compositions, and is only slightly dependant on temperature [11]. However, it is not
clear how the change of alloy chemical composition is linked with the elastic

properties and therefore the transformation temperatures.

In order to understand the influential factors that control the transformation

temperatures of shape memory alloys, a profound knowledge of how the atomic
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bonding is influenced by chemical composition change is necessary. This undermines
the importance of the knowledge on the electronic, crystal chemistry and local atomic
structure changes and includes interatomic bonding characteristics. Despite their
importance these areas have not been systematically studied in shape memory alloys.
The inter-relationship of electronic structure, local atomic and crystal structures and
their influence on mechanical properties and martensitic transformation characteristics
are not known. The limited research in these fields has been mainly done
independently on either microstructure level, atomic level, or electronic level.
Specifically the influence of the latter on mechanical properties and martensitic
transformation has been overlooked. There is a need to explore the relationship of
electronic structure, local atomic and crystal structure as a result of compositional
changes in shape memory alloys in general and NiTi-based alloys specifically as the

most commercial group of these alloys,

It is well known that in metallic materials the delocalized valence electrons
hold the non-valence electrons and nuclei of atoms (ion cores) together and form
metallic bonds [50]. Therefore, knowledge of how the chemistry change alters the
electronic structures of shape memory alloys is essential. Theoretical studies of
Parlinski et al [51] and Kulkova et al [52] offer some understanding of the lattice
dynamics and electronic structure in NiTi and Ti-based shape memory alloys. In order
to clarify the mechanism by which alloying elements alter the transformation
temperatures in NiTi-based alloys further electronic structure studies are required.
Moreover, how the interatomic bonding is influenced by alloying and the interatomic
distances (bond lengths) and coordination behavior of parent Ni, Ti and alloying

elements are important.

In the present work, the valence electron changes of various alloys are studied.
Two parameters are paid attention to: 1) the number of valence electron per atom, and
2) the valence electron concentration of the alloys. The correlations of these
parameters with transformation temperatures are investigated. Furthermore, the crystal
structure and local atomic structure of a number of Ni-rich, Ti-rich and equiatomic
NiTiHf alloys are studied which represent alloys with dfferent transformation
temperatures. Also, the local atomic and microstructure changes in a NiysTizsCuys
amorphous ribbon as a result of crystallization annealing are studied. These

investigations will take place through quantitative X-ray diffraction (XRD) X-ray



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library
Chapter 1 Introduction

diffraction fine structure (EXAFS) and scanning electron microscopy (SEM) analyses.

Hence the main objectives of the present work are:

To determine the effect of chemical composition on the transformation
temperatures of shape memory alloys through the understanding of the influence of

valence electron factors of these materials with a focus on NiTi-based compositions.

To investigate the crystal chemistry and local atomic structures of NiTiHf
alloys (with an emphasis on bond length variations, and substitutional site preference
of alloying elements) as a function of composition and their possible relationship to

transformation temperatures.

To study the effect of second precipitate on the martensitic transformation

temperature of NiTi-based shape memory alloys.

To determine the local atomic structure and transformation temperature

variation of an amorphous Ni,sTisCuys alloy as a result of crystallization.

1.3 Organization of the Thesis

A literature survey of the shape memory effect, diversity of shape memory
compositions, NiTi-based shape memory alloys with an emphasis on the effect of
chemical composition on the transformation temperatures, along with a brief review of

the local atomic and electronic structure studies are presented in Chapter 2.

In Chapter 3 the experimental procedures and analysis methods are presented.
These include alloy production using vacuum arc melting, melt spinning and heat
treatment, chemical analysis, differential scanning calorimetry (DSC), data
compilation and analysis for valence electron study, X-ray diffraction (XRD) and
extended X-ray absorption fine structure (EXAFS) spectroscopy for crystal chemistry

and local atomic structure study.

The results and discussion of electronic structure analysis and its relationship
to transformation temperatures for all the transition-metal shape memory alloys and

NiTi-based alloys are given in Chapters 4 and 5, respectively.
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The influence of second phase precipitation on the transformation temperatures

in aged NiTi-based shape memory alloys is presented in Chapter 6.

The crystal chemistry, local atomic structure, and transformation temperatures

of a select group of NiTi-based alloys, i.e. NiTiHf alloys, are analyzed in Chapter 7.

The possible presence of short range order in a NipsTisoCu,s melt-spun ribbon
and the evolution of chemical bonding and change of transformation temperature

during crystallization are explored in Chapter 8.

Finally, conclusions are given in Chapter 9, followed by a note on the

contributions to the knowledge and recommendations for further work.

1.4 Summary

Despite many efforts to relate transformation temperatures to chemical
composition, the design of shape memory alloys, is rather empirical, due to the lack of
an in-depth understanding about the effect of composition change. Therefore,
knowledge of how the chemistry change alters the electronic structures of shape
memory alloys is essential. In the present work, the valence electron changes of
various alloys are studied. Two parameters are paid attention to: 1) the number of
valence electron per atom, and 2) the valence electron concentration of the alloys. The
correlations of these parameters with transformation temperatures are investigated.
Furthermore, the crystal structure and local atomic structure of a number of Ni-rich,
Ti-rich and equiatomic NiTiHf alloys and the local atomic in a NipsTizsCuys
amorphous ribbon as a result of crystallization annealing are studied. These
investigations will take place through quantitative X-ray diffraction (XRD) X-ray

diffraction fine structure (EXAFS) and scanning electron microscopy (SEM) analyses.
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2 Literature Survey

2.1 Martensitic Transformation and Shape Memory Effect

Martensitic transformations are diffusionless, solid-to-solid phase transitions,
and have been observed in metals, alloys, ceramics and proteins [3,4]. They are
characterized by a rapid change of crystal structure, accompanied by the development
of a rich microstructure. The low symmetry martensitic phase is stable in either a
multi-variant twinned form or a single variant detwinned form where the multi-
variants represent a change in the orientation of the crystalline structure. Conversely,
the austenitic phase only takes on a single form and tends to be harder and stronger
[53]. A two-dimensional general schematic view of the martensitic and austenitic
phases can be seen in Fig. 2.1. The unique ability of SMAs to recover their shape is in
part due to the ordered crystalline structure between the austenitic and martensitic
phases. As a result, the ordering of the atoms in the martensitic phase and austenitic
phase does not change. This ordering 2.1a: 2.1b: 2.1c¢ allows the material to undergo a
displacive (diffusionless) martensitic phase transformation either through a
temperature change or the application of stress rather than the diffusional

transformation associated with solid-state transformations of typical metals.

Twinned Detwinned
Martensite Martensite Austenite
(a) (b) (c)

Figure 2.1: Schematic view of a typical SMA microstructure: (a) multi-variant twinned martensite, (b)
single variant detwinned martensite, (c) austenite [4].
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The martensitic phase transformation takes place through both a lattice
deformation (atomic movement) and lattice accommodation (invariant shear) process.
The lattice deformation process consists of small atomic movements in either the
austenite phase (Fig. 2.1c) or twinned martensite phase (Fig. 2.1a) layer by layer to
create a single variant detwinned martensite structure (Fig. 2.1b). This process consists
only of a shape change with no permanent slip allowing the shape change to be
reversible and providing the unique ability of SMAs to be able to undergo large
deformations while returning to their original undeformed shape [53]. The martensite
start temperature, M, martensite finish temperature, My, austenite start temperature, A,
and austenite finish temperature, Ay, define the temperatures at which the phase
transformations occur and result in hysteretic behavior during cooling and heating. At
temperatures below My SMAs are in their twinned martensite phase while at
temperatures above Ay, the SMAs are in their austenite phase. Significant property
changes are associated with passing these transformation points and the transformation
temperatures themselves are highly dependent on the composition and processing of

the SMA [1].

2.1.2 Shape Memory Effect

There are two mechanisms by which the deformation of SMAs can be
recovered, the shape memory effect and the superelastic effect. The shape memory
effect occurs at temperatures below Mjy, resulting in the SMA being in its twinned
martensite form. Upon loading, the twinned martensite undergoes typical elastic
deformation until the “yield” stress is reached at which point twin boundary movement
occurs and detwinning initiates. After the completion of the phase transformation,
further elastic deformation of the detwinned martensite occurs provided the critical
slip stress has not been reached. Upon unloading, there remains residual strain which
is recovered by heating the material above A4r causing a phase change to the high
temperature austenite phase. Upon cooling, the structure returns to the original
twinned martensite form with little or no residual strain [53]. Figure 2.2 [54] provides

the stress-strain curve associated with the shape memory effect.
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2.1.3 Superelastic Effect

The second means of shape recovery in SMAs is the superelastic effect. The
superelastic effect occurs at temperatures above the Ay, resulting in the SMA being in
its austenitic phase at the start of loading. Upon loading, the austenite undergoes
typical elastic deformation until the “yield” stress (stress at which martensite becomes
stable) is reached. At this point, the martensitic phase transformation initiates.
Detwinning then occurs along the stress plateau until the NiTi is in its fully detwinned

martensite phase.

Partially
Datwinnad
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Martensite
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Figure 2.2: Typical stress-strain curve for an SMA undergoing the shape memory effect [54]

After completion of the phase transformation, further elastic deformation can

occur provided the critical slip stress has not been reached. Upon removal of the load,



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library
Chapter 2 Literature Survey

the detwinned martensite is no longer stable and reverts back to its original austenite
phase. The energy driving this reverse transformation is the chemical free energy
between the austenite phase and martensite phase [55]. In order for the superelastic
effect to occur, the critical slip stress must be above the critical stress to cause stress-
induced martensite. If this is not true, permanent deformation occurs [56]. Fig. 2.3

provides a schematic of the stress-strain curve associated with the superelastic effect.

2.1.4 Mechanical Behavior of Shape Memory Alloys

A further property to note is that the martensitic phase transformation is a
thermoelastic process. The thermoelastic nature means that a decrease in the SMAs
temperature equivalently acts as an increase in stress due to growth of martensitic
plates causing an increase in internal stresses [53]. This is the main contribution to the
formation of the shape memory effect and the superelastic effect at different
temperatures as can be seen from the three dimensional plot of stress, strain, and

temperature in Fig. 2.4 [57].

The relationship between stress required to induce martensite and the

temperature can be described by the Clausius-Clapeyron equation (Equation 2.1):
do/dM=-AH/T¢g, (2.1)

The left side of Equation 2.1 refers to the change in stress with respect to a change in
martensite start temperature, while AH, T, and g represent the transformation latent

heat, temperature, and transformational strain, respectively.
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This temperature effect needs to be considered when considering SMAs for

applications which may experience a broad temperature range.

2.1.5 Aerospace Applications of Shape Memory Alloys

The unique properties of SMAs, such as the shape recovery, hysteretic
damping, good corrosion resistance, and biocompatibility, coupled with a significant
reduction in price, higher quality, and better reliability has led to the development of
several applications for SMAs in the biomedical, commercial, and aerospace fields.
The ability to use SMAs to enhance behavior of SMAs less invasive medical
procedures has led to several developments in the medical field including: arterial
stents, medical guide wires, catheters, orthodontic braces, and orthopedic prostheses
[58]. Commercial applications which have taken advantage of the superelastic
properties of SMAs include eyeglass frames, cellular telephone antennas, and golf
clubs [59,60]. The aerospace industry implemented SMAs in adaptive aircraft wings
and smart helicopter blades for increased efficiency and reduced noise and vibration
[61,62]. The success of these applications has increased interest in the use of SMAs in
other fields, such as for applications in the seismic resistant design and retrofit of civil
engineering structures. With the increased emphasis on both reliability and multi-
functionality in the aerospace industry, active materials are fast becoming an enabling
technology capturing the attention of an increasing number of engineers and scientists

worldwide.

Designers in many fields have been developing ways to convert thermal energy
into mechanical work via the crystallographic phase change of SMAs, which have now
been used in real-world applications for several decades. One of the most well-known
of these early applications was the hydraulic tubing coupling used on the F-14 in 1971
[63]. Since that time, designers have continued to utilize both the shape memory and
pseudoelastic effects of SMAs in solving engineering problems in the aerospace
industry. Such implementations of SMA technology have spanned the areas of fixed

wing aircraft, rotorcraft, and spacecraft; work continues in all three of these areas.
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- Fixed-wing aircraft and rotorcraft applications

Two of the most well-known fixed-wing projects of the past are the Smart
Wing program and the Smart Aircraft and Marine Propulsion System demonstration
(SAMPSON) [63]. SMA wire tendons were used to actuate hingeless ailerons while
an SMA torque tube was used to initiate spanwise wing twisting of a scaled-down F-
18. In each of these applications, the SME is used to provide actuation via shape
recovery, and the recovery occurs at a non-zero stress. Although the SMA was able to
provide satisfactory actuation at 16 per cent scale, it was found that the SMA torque
tube in particular was not of sufficient strength to actuate a full-scale wing. Fabrication
of larger SMA components for stronger actuation is now practical. The SAMPSON
program was designed to demonstrate the usefulness of active materials in tailoring
the inlet geometry and orientation of various propulsion systems. Portions of the
SAMPSON project also studied the use of SMA ‘cables’ wrapped circumferentially
around the aft portion of the fan cowling of a high-bypass jet engine in order to
increase/decrease fan nozzle area in different regions of the flight regime. In the
design, high exhaust temperature produced during take-off and landing (slow speed
flight) was used to cause SMA structural elements to transform into austenite, thus
providing recovery strain and opening the nozzle to its maximum cross-sectional area.
At cruise, however, lower temperatures would allow the nozzle to close, optimizing
performance at high altitudes. The experiment, which utilized SMA cable bundles for
both opening and closing of the nozzle, proved the technology to be practical. Again,
actuation was based on the principle of changing flow temperature with altitude. In
addition to propulsion system applications, SME actuation is also commonly applied
to the problem of adaptable lifting bodies, including the morphing of the wing
structure. The concept of integrating SMA elements into an aerostructure has been the
topic of a number of studies. It was shown that the wing configuration could be

changed during flight to optimize performance.
-Spacecraft applications

Space applications seek to address the unique problems of release, actuation, and
vibration mitigation during either the launch of a spacecraft or its subsequent operation

in a microgravity and zero atmosphere environment. Although actuated structures in

12
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space are subject to low gravitational forces which reduce required actuator power,
heat transfer can quickly become problematic because of the lack of a convective
medium. Perhaps the most prolific use of SMAs in space is in solving the problem of
low-shock release [63]. Pyrotechnic release mechanisms were often found to be the
root cause. Because they can be actuated slowly by gradual heating, SMA components
are suited for use in low-shock release mechanisms and have been introduced for use
on both averagesized and smaller ‘micro’-sized satellites. The advent of these smaller
satellites has created a need for more compact release devices which are an order of
magnitude smaller than their off-the-shelf counterparts. Another SMA application is
the actuation of various spacecraft components via SME. One early example includes
an SMA-actuated solar collector utilizing torsional elements which can modify its
shape to optimize performance. Such a design could be used to tailor the shape of
spacecraft antennae. Another example of potential structural morphing is the
antagonistic flexural unit cell discussed earlier in reference to fixed-wing aircraft. A
different and well-known SMA space actuation application of SMAs is the Mars
Pathfinder mission in 1997. The mission included an SMA actuator which served to
rotate a dust cover froma specific region of a solar cell so that the power output of this
protected and clean region could be compared to the power output of non-protected
regions, thereby quantifying the negative effects of dust settling on the solar panels.
Finally, researchers have investigated using SMA strips to support inflatable structures
for use in space. This interesting application can utilize both the shape memory and
pseudoelastic effects. The actuation of SME is used to help deploy the structure, while
the large yet fully recoverable deformations provided during pseudoelastic loading
help preserve its shape. Research is also being performed which takes into account the
tunable nature of SMA vibration isolators. Because of the large change in elastic as
well as transformation properties with temperature, SMA elements properly placed in
structural attenuators allow for attenuation across a range of frequencies. Also
interesting is an MEMS implementation of such vibration isolation. Finally, new
investigation is being performed into the detailed dynamic response of SMA vibration

isolation systems.

As a summary of the various advantageous and challenges exhibited by SMAs,

Table 2.1 has been provided.
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Table 2.1: Summary of various SMA properties and their effects [63].

SMA traits

Shape memory effect

Pseudoelasticity

Hysteresis

High actuation stress
(400-700MPa) [18, 74]

High actuation strain
[B%) [18, 74]

High energy density
(~1200]/kg) [B9]

Three-dimensional
acruation

Actuation frequency

Energy efficiency
(10-15%) [BY]

Transformation-
induced plasticity

Consequences

Material can be used as an
actuator, providing force during
shape recovery

Material can be stressed to provide
large, recoverable deformations
at relatively constant stress
levels

Allows for dissipation of energy
during pseudoelastic response

Small component cross-sections
can provide substantial forces

Small component lengths can
provide large displacements

Small amount of material required
to provide substantial
actuation work

Polycrystalline SMA components
fabricated in a variety of shapes,
providing a variety of useful
geomeiric configurations

Difficulty of quickly cooling
components limits use in high
frequency applications

Amount of thermal energy required
for actuation is much larger than
mechanical work output

Plastic accumulation during cyclic
response eventually degrades
material and leads to failure

Note that while some behaviors are clearly positive or negative, others will depend
upon the details of the use. Although some of the challenges can be met by creative
engineering solutions, others will only be solved by future improvement of the
material itself. At present high transformation temperature hysteresis of the
commercially available wire does not provide fast enough responses for high
frequency applications. This problem needs to be solved by development of the

materials coupled with the design.

2.2 Crystal Chemistry and Reversibility of Martensitic

Transformation

Martensitic transformations can be irreversible, as seen in steels upon
quenching [2,6], or they can be reversible, such as those observed in shape memory

alloys [6,064,65]. Reversibility of structural phase transformations has profound
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technological implications in a wide range of applications from fatigue life in shape
memory alloys (SMAs) to magnetism in multiferroic oxides. The geometric nonlinear
theory of martensite universally applicable to all structural transitions has been
recently developed. It predicts the reversibility of the transitions as manifested in the
hysteresis behavior based solely on crystal symmetry and geometric compatibilities
between phases. These sharp differences in behavior on the basis of the change in
crystal symmetry during the transition have recently been explained [6,66]. It has been
proposed [6] that in order to have a reversible transformation it is required that the
symmetry groups of the parent and product phases to be in a common finite symmetry
group. In such conditions, the lattice invariant shear is faced with a bigger energy
barrier than that of the phase change; hence transformations in this condition can occur
without plasticity. Once the energy barrier to plastic deformation (via lattice-invariant
shears) is not more than the barrier to the phase change itself, martenstic

transformation becomes irreversible.

2.2.1 Weak versus Reconstructive Martensitic Transformation

When cooling a shape memory alloy like Nitinol from high temperature, the
transformation produces a microstructure with a (twinned) plate-like morphology. This
microstructure can easily be changed by the application of loads. The transformation
can be completely reversed, with the disappearance of the microstructure upon
reheating and the appearance of little or no dislocation or twinning in the parent (high
temperature, high symmetry) phase. In contrast, the martensitic transformation is not
reversible in materials like steel and other alloys, such as CoNi [2]. Materials that
undergo irreversible transformations are characterized by significant dislocations and
twinning in the parent phase. An explanation for this difference in reversibility on the
basis of the symmetry change during the transformation has been provided [6]. “Weak’
martensitic transformations has been labeled as in which the symmetry group of both
the parent and product phase are included in a common finite symmetry group [6,64]
(which includes symmetry breaking), and all other martensitic transformations as
‘reconstructive’ [65]. It has been shown that irreversibility is inevitable in a
reconstructive phase transformation, but not in a weak one [6]. Fig. 2.5 illustrates the

main idea through a square-to-hexagonal reconstructive phase change in a two-
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dimensional crystal [6]. Consider the square lattice shown on the left, and suppose the
solid square unit cell is transformed to the solid unit cell of the hexagonal lattice
(middle). By symmetry the solid and dashed unit cells shown in the middle are
equivalent. If the crystal is transformed back to the square phase, the dashed hexagonal
cell can go to, say, the dashed cell on the right. Crucially, the square cell on the left is
then transformed to the sheared cell of the square lattice on the right. Thus, upon
transforming, performing a symmetry operation, and transforming back, the crystal has
undergone a lattice-invariant shear, that is, a shearing deformation that leaves the

entire lattice invariant.

2.2.2 Ordering and Reversibility

The results of analysis of Bhattacharya et al [6] which was presented above are
related to those explained by Otsuka and Shimizu [67] who discuss the effects of
ordering on crystallographic reversibility of martensitic transformation in alloys. They
observe that in ordered alloys the transformation path must be such that the order is
not destroyed, whereas in disordered ones only the atomic positions need to be
recovered. Their results are consistent with many experiments, but they also note that
the f.c.c.-to-face-centred tetragonal (fct) transformation is an ‘exception’, which, they
argue, is a consequence of the fact that “the lattice correspondence is unique in the
reverse transformation because of the so simple lattice change and lower symmetry of
the f.c.t. phase”. Battachrya has proposed that the essential difference resides in the

crystal symmetry, rather than in order and disorder [6].

2.2.3 Volume Change and Reversibility

The common explanation [68] for the irreversibility in Fe (or low Ni or C
steels) is based on the volume change that accompanies the transformation. The idea is
that a partially transformed region causes stress and plastic deformation. The crystal
symmetry explanation is independent of such a volume effect. It is possible, however,
that both mechanisms (crystal symmetry and volume change) contribute to the

irreversibility in Fe. Battacharya argues that the barrier to lattice-invariant shears in
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reconstructive transformations is as high as to the phase transition itself. A remarkable
implication is that reconstructive transformations are accompanied by plastic

deformation through dislocations and twinning in the parent phase, making this phase

Hexagonal lattice

e it

L

Square lattice Square lattice

Figure 2.5: A lattice-invariant shear can be generated by a forward and reverse square-to-hexagonal
phase transformation [6].The transformation takes the solid square on the left to the solid rhombus in
the middle. The hexagonal symmetry implies the equivalence of the solid rhombic cell to the dashed
rhombic one. The reverse transformation takes the latter to the dashed square on the right. In the
process, the original solid square on the left has sheared by a lattice-invariant shear to the solid
parallelogram on the right.

changes irreversible. In contrast, weak transformations have the potential to be
reversible, because the energy barriers to lattice-invariant shears and to the phase
transition are independent of each other. This, for example, is the case in NiTi, where
plastic deformation masks the reversibility. In summary, a transformation must be

weak to be reversible [6].

2.2.4 Transformation Hysteresis

The subject of hysteresis in shape memory alloys is a very broad subject, with
important technological consequences in the design and operation of these materials.

A complete overview of the subject should cover many different aspects [69]. At first
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it is appropriate to just look at the features essential to hysteresis in SMA and

disregard the factors that differentiate systems from each other.

A hysteresis loop is formed when temperature of the sample is changed in a
cyclic way through the martensitic transformation. Fig. 2.6 shows a set of typical
cycles measured on CuAlINi single crystals (left) and polycrystals (right)[70,71]. In
single crystals the single interface transformations (A) take place at two constant
temperatures whose difference characterizes the energy dissipation. The multiple-
interface transformations (b), on the contrary, extend in temperature range, indicative
of build-up and partial storage of elastic strain energy, with dissipation comparable to
the previous case. In polycrystals of various grain sizes, (0.5 mm C), 1.5 mm (D), 4.0
mm E, the transformation takes places via multiple interfaces. The behavior is then
comparable to (B), except that the extension in temperature is much larger due to the
misorietation between grains and the associated build-up of strain energy. This is
demonstrated by transformations in a single crystal spark-cut from a coarse-grained

polycrystal, shown in (F), which behave very similarly to (B).

The evolution of the energy dissipation as the transformation proceeds can be
derived from the area enclosed by partial cycles [72]. This kind of experiments show

that energy dissipated increases monotonously with the volume fraction of martensite.
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Figure 2.6: Hysteresis cycles in thermally induced transformations of a Cu-14Al-2.5Ni (wt%) alloy
[69]. X- denotes parameters such as stored elastic energy.

The amount of energy dissipated in thermally induced transformations is
always small compared to the latent heat of transformation. Table 2.1 gives an
estimate of the order of magnitude of these contributions in copper-based alloys. It is
noticeable from the table that transformation to the hexagonal phase y,’, involves
larger energy dissipation than to the rombohedrical phase B;’.The two following
factors can influence the hyteresis in shape memory alloys: 1) thermal or
thermomechanical treatments and cycling, 2) alloying and composition. As a result, it
is expected that the crystal structure and microstructural features of the alloys are
affected. Very little systematic study on the influence of the second factor has been
done. It has been shown that alloying elements, precipitates, and stress can change the
transformation hsyteresis by enhancing the methods contributing to the energy
dissipation in the alloys during transformation [73]. In Section 2.3, the influence of

alloying elements on the hsyteresis in NiTi-based shape memory alloys is introduced.
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Table 2.2: Estimates of the latent heat and energy dissipated in the thermally induced transformations of
copper-based alloys [71].

Alloy composition (at%) Cu-27.7Al-2.3Ni Cu-16.1Zn-15.9Al Cu-7.2Zn-23.1A1
Type of crystal transformation Single crystal— Single erystal— Polycrystal
multiple interface multiple interface
b= f = By b=
Latent heat (J/mol) 526 320 350
Energy dissipated (J/mol) 48 8 29

2.2.4.2 Effect of Alloying Element on Transformation Hysteresis

As pointed out previously, the transformation hysteresis in shape memory alloy
is of significant importance when the application is of concern. Narrow hsyteresis for
actuation applications and wide hysteresis for damping applications are desired. For
instance, alloying elements affect the hystersis of NiTi considerably (Table 2.3). The
influence of Cu as an alloying element replacing Ni, and Hf replacing Ti is particularly
of interest. The former narrows the transformation hysteresis while the latter widens it

significantly. The relevant underlying mechanism is presently unknown.

There is a need for systematic studies on the mechanisms by which the
influential factors, especially alloying elements and composition affect the

transformation hsyteresis.

2.3 Shape Memory Alloy Compositions and Transformation

Temperatures

A survey of the literature reveals numerous transition-metal shape memory
alloy systems with a wide range of martensitic transformation temperatures [11,19-
22,25-39,46,47,74-155]. There are many alloy systems with or without magnetic
effects. These alloys systems include NiTi, NiMn CuAINi, AuCd, FeMn, ZrCu, NbRu,
TaRu, CoNi, CoAl, Ni;Ta, CuZn, MnCu, TiPt, TiPd, TiNb, ZrNb, Fe;Pt, Fe;Ge, etc.
Table 2.2 presents more than 200 alloy compositions that comprise nearly all the
transition-metal-based shape memory alloys, together with their transformation

temperatures (M, A4s) in ascending order. The Table indicates that the effect of

20



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library
Chapter 2 Literature Survey

composition on transformation temperature change is immense. The change of
transformation temperatures by chemical composition will be the subject of analysis of

the present work.

Table 2.3: Shape memory alloy compositions
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The alloy compositions in parentheses () are the weight percent formula of the alloys as presented in the
original references.

2.4 NiTi-Based Shape Memoy Alloys

2.4.1 NiTi Intermetallics

Although several different types of materials have shown shape memory
properties, the most readily available and commercially used SMAs are NiTi-based

alloys. The phase diagram associated with a binary NiTi system can be seen in Figure
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2.7 [156]. From the phase diagram, it is clear that small changes in the composition of
near-equiatomic NiTi can lead to the formation of additional phases such as NiTi, and
Ni3Ti which consequently do not exhibit shape memory behavior [157-159]. Exposure
to elevated temperatures for a sufficiently long time results in the formation of a TiNis
phase which precipitates through a diffusion-based process. However, most heat
treatment processes after manufacturing are done at temperatures below those mapped

by the phase diagram resulting in the formation of metastable phases.

It has also been shown that prior to the formation of the TiNi; phase,
metastable Ti3Ni4 precipitates can form from a solid solution of Ni in NiTi at moderate
aging temperatures (300°C to 600°C) [158-160]. The influence of composition must be

considered in looking at the overall macroscopic behavior of NiTi SMAs.
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Figure 2.7: Phase diagram of binary NiTi systems [156]

2.4.2 Crystal Structure of Austenite and Martensite

The parent phase of all NiTi and NiTi-based alloys has a cubic B2 (ordered
BCC) structure as shown as shaded cubic in Fig. 2.9a [161]. The stable martensite
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structures are usually of B19 Orthorohbic (Pmma, and Pmmb) symmetry (Fig. 2.9b),
or B19’ monoclinic (P2;/m) structure (Fig. 2.8c) which is sometimes considered

stress-stabilized [161].

2.4.3 Phase Stability, Martensitic Transformation and

Transformation Temperatures

2.4.3.1 Transformation Rroutes of NiTi-Based Alloys and Structure
Relationship

Depending on composition, thermomechanical treatment, the B2 phase may take one
of three transformation paths shown in Fig. 2.10 [11], B2-B19’ transformation occurs
in quenched NiTi alloys; B2-R-B19’ transformation occurs in aged NiTi (with Ti3Ni4
precipitation) or cold-worked NiTi, and in ternary Ti—Ni-Fe(Al) alloys; B2-B19—
B19’ transformation occurs in NiTiCu alloys [162]. The end product of all martensitic
transformations in NiTi-based alloys is B19" martensite. Therefore, B19' martensite is
considered as the ground state of all NiTi and NiTi-based alloys. Depending upon the
composition and heat-treatment only the first transformation may occur, and the
second one may be lost, because the possible transformation temperatures for the
second one to B19’ become too low in that case. Symmetry analysis of various phases
by Barsch [163] shows interesting symmetry relationship between B2 and three
different martensites. He showed that except R-B19’ transformation, all other
transformations, B2-B19’, B2-R, B2-B19, B19-B19’ follow a group—subgroup
relation (i.e., the symmetry group of low-temperature phase is a subgroup of that of the

high-temperature phase), as the usual case for shape memory alloys.

The R-B19’ transformation does not follow a group—subgroup relation. B19’
martensite has a space group of P2;/m; it is not a subgroup of R, which has a space
group of P3. It is schematically shown in Fig. 2.11 [167], which shows the structure
relationship among B2 (Fig. 2.11a), B19 (Fig. 2.11b), and B19’ (Fig. 2.10c¢).

The B19’" martensite can be viewed as a “normal” martensite B19, but being

distorted by a monoclinic shear {1 {1 T [164]. Recently results from elastic
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constant measurement have enabled some understanding of the monoclinicity of the

B19'" martensite [10,11,165-166].

A typical example is that NiTi undergoes a direct B2-B19’ transformation; but
with the addition of Fe, NiTiFe alloy shows a two-stage transformation B2—-R-B19’
[162], as shown in Fig. 2.12. It can be seen that with increasing Fe content, B2-R
transformation becomes more and more separated from the R—B19’ transformation
(Fig.2.12a) This feature enables a characterization of R-phase over wide temperature

range without being interrupted by the second transformation R—B19'.

Another important system is Ti—-Ni—Cu. Addition of Cu exceeding 5 at.% can
change the transformation route into B2-B19-B19’. B2-B19 transformation is
associated with a small transformation hysteresis (about 4 K at 20 at.%Cu) (Fig.

2.12b) [162].

Figure 2.8: Martensitic distortions of the B2 crystal structure of NiTi. a,The relation between the cubic
B2 cell (shaded box) and the undistorted (tetragonal) B19 cell.b,The orthorhombic B19 structure. ¢,The
distortion to the stress-stabilized B19’ structure. Ni and Ti atoms are represented by red balls and blue
balls, respectively [162].
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Martensitic Transformations in Ti-MNi-based Alloys
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Figure 2.9: Three transformation paths in Ti—Ni-based alloys [11].
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Figure 2.10:Structure relationship among B2 parent phase and two kinds of martensite, B19, and B19":
(a) the parent phase B2 structure with a FCT cell delineated; (b) orthorhombic martensite B19, formed
by shear/shuffle of the basal plane (1 1 0)g, along [1 1 0] direction; (c)_monoclinic martensite B19’,

which is viewed as a B19 structure sheared by a non-basal shear (0 0 1)[ 11 0]3,[167].
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Figure 2.11:(a) Effect of Fe addition on the martensitic transformation temperature and transformation
paths, I, II and III regime represents parent B2 phase, R phase and B19’ martensite [168], respectively
(b) Cu-content dependence of transformation temperatures for TisoNiso—,Cu, alloys [162].

2.4.3.2 Phase Transformation Sequence: Thermodynamic Approach

It has been show that entropy change during transformation is related to the martensite

volume (Eq. 2.2) [11]:
AS =-a nzM (2.2)

where AS is the entropy change, n is the lattice distortion (or transformation strain) at
transformation temperature, and a proportionality factor. The minus sign of Eq. 2.2
clearly shows that martensitic transformation always leads to entropy decrease. This
equation also leads to an important conclusion: the magnitude of entropy change
associated with martensitic transformation is proportional to the square of lattice
distortion (or transformation strain), i.e., the larger the transformation strain the larger

the entropy change is [11].

In NiTi-based alloys, three possible martensite candidates, R, B19, and B19’,

exist. The transformation strain for R-phase is very small (~.1%), next is the B19
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(~8%), B19' is the largest (~10%). It is deduced that |ASz 10l > |ASg1ol > |ASkl. Since
the entropy change means slope change of martensite (including R-phase) relative to
that of the parent phase in free energy vs. temperature line, we can deduce that R-
phase line makes the smallest angle from the B2 line, next is the B19 line, while B19’
line makes the largest angle, as shown in Fig. 2.12 [11,169] Depending on the relative

stability of these three candidates, it is possible to have three situations.

From Fig. 2.12, we can draw an important general conclusion: the necessary
condition for an intermediate martensite to appear before the formation of final
product is that the intermediate phase must have smaller transformation strain (or
smaller entropy change during transformation) than the final product, or in other
words, the intermediate martensitic transformation must be more weakly first order

transformation than the final transformation.

This important conclusion has been summarized in a simple statement: multi-
stage martensitic transformation occurs in the sequence of increasing transformation
strain. Considering the relationship between transformation strain and entropy change
shown in Equ. 2.2, we can restate this conclusion in an equivalent form: multi-stage

transformation occurs in the sequence of increasing transformation entropy.

There is a thermodynamic requirement that intermediate martensite phase must
have smaller transformation strain than the final product. However, whether or not the
intermediate phase appears or which intermediate phase is realized depends on
competition in both intrinsic and extrinsic energies. The intrinsic energy is governed
by lattice dynamics (phonon softening and elastic softening), while the extrinsic
energies arise from resistance to lattice distortion (i.e., transformation) by precipitates

or dislocations.
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Figure 2.12:Schematic of the three possible transformation paths of NiTi-based alloys in relation to the
relative stability of three competing martensite candidates, R, B19 and B19’, with respect to B2 parent
phase. (a) B2-B19' one-stage transformation, (b) B2-R—B19’ two-stage transformation, and (c¢) B2—
B19-B19' two-stage transformation. The dotted lines indicate martensite(s) that is unstable at any
temperature [11,169].

2.4.3.3 Phase Transformation Sequence: Elastic Softening

The origin of the unique B19’ martensite can be traced from a remarkable
difference in the precursory elastic softening between NiTi and common [B-phase
alloys. Common B-phase alloys are known to show softening only in elastic constant ¢’
[170-175] with other elastic constants behaving normal. This yields an anisotropy
factor A (=ca4/c’) as large as 10-20, which further increases with lowering temperature.
In sharp contrast, NiTi shows softening in both ¢’ and ca4; this leads to a very low
anisotropy (4~ 2), which further decreases with lowering temperature. This difference

has been noticed by previous studies [176,177]; but the underlying meaning has not

been figured out until very recently [178]. By definition, ¢’ corresponds to the
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{1101 TG pear modulus, which is naturally related to the formation of basal-plane-
based martensites. On the other hand, c44 is the 00 1 {1007 shear modulus, which

seems at first sight to have nothing to do with the B19" martensite. However, for cubic

crystals, css also equals to the {141 Tlu;*shear modulus. This $#H 1§l Tﬂéshear 1S
just what is required for the monoclinic distortion to make the B19' structure, as was
shown in Fig. 2.10c. Therefore, the unique monoclinic structure B19" of NiTi
originates from the additional softening in c4 besides softening in ¢'. For many years,
martensitic transformation has been regarded as solely due to the softening in basal
shear/shuffle mode; the discovery of the non-basal mode for B19’ martensite strongly
suggests that in some cases non-basal mode may also play an important role in
martensitic transformations. Elastic constant measurements have been performed on
some NiTi-based alloys in order to verify the above view. Three kinds of NiTi-based
alloys were tested, corresponding to three transformation-paths, B2-B19’, B2-B19-
B19', and B2-R-B19'. The results are shown in Fig. 2.13 [169].

A common feature among all NiTi-based alloys: for all the tested alloys can be
seen, ca4 exhibits significant softening besides a softening in ¢’. The softening in ca4
just corresponds to the fact that all these alloys ultimately transform into B19’
martensite. Therefore, the soft css is a signature for the ultimate transformation to
B19’, although other transformations (R, B19) may intervene before the formation of
this final product. The softer the c4s the higher is the transformation temperature to

B19".
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Figure 2.13:Single crystal elastic constants of NiTi binary and NiTiX (X =Fe, Cu) as a function of
temperature in B2 phase prior to (a) B2-B19' transformation, (b) B2-R (-B19’) transformation, and (c)
B2-B19 (-B19’) transformation. It is noted that solution-treated and directly quenched binary Ti—Ni
undergoes a direct B2-B19’ transformation, but after aging it undergoes a B2—-R-B19' transformation
[169].

2.4.3.4 The Influence of composition on the My Temperature of NiTi-based
alloys

The effect of composition can be related to the effect of Ni content in binary
alloys and the effect of alloying elements. Binary NiTi is an intermetallic compound
with B2 order although it is not a line-compound with a fixed composition. It shows
certain solubility of excess Ni on Ni-rich side but cannot dissolve excess Ti. Ti-rich
side is almost vertical but Ni-rich side has some solubility at high temperature (up to
about 6 at% at 1000 °C). Quenched NiTi alloys show one-stage B2-B19’
transformation. The transformation temperature is strongly dependent on Ni
concentration, as shown in 2.14 [11,178]. On Ti-rich side the transformation
temperature is almost composition independent being about 60 °C; this has been
attributed to the fact that the solubility limit of NiTi phase on Ti-rich side is almost
vertical and thus it is not possible to get Ti-rich NiTi solid solution. So the Ti-rich
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alloys show a behavior being the same as NiTi alloy. On Ni-rich side, increasing
Ni causes a rapid decrease in transformation temperature. Martensitic transformation
temperature almost drops to 0 K for Ni content exceeding 51.5 at.%, but experimental

data show a large scattering.

rature (K)
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A Smith
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Figure 2.14: M temperature as a function of Ni content for binary Ni-Ti alloys. Different data
symbols represent data from different authors. The solid line is given by thermodynamic calculations
[11,178].

The transformation temperature and hysteresis can be adjusted by introducing
ternary elements to satisfy the high or low temperature applications. Addition of
various transition metals to NiTi that either elevate or lower the transformation
temperatures has been studied, part of which has been reviewed by Otsuka et al [11].
Apart from the selection of alloying elements, their replacement for either Ni or Ti, or
both is also of paramount importance. As it is evident from Table 2.3, alloying
elements influence the transformation temperatures of NiTi shape memory alloy
remarkably. The mechanism by which the alloying elements affect the transformation
temperatures is presentably unclear. What is known is the elastic softening of austenite

before martensitic transformation with lowering temperature.

Experimental results, mainly in Cu-based and also in NiTi-based shape
memory alloys [7-10] suggest that there is a critical value of elastic constant at which
transformation takes place which is not sensitive to alloy compositions [4] and is only
slightly dependant on temperature [11]. Based on this, the elastic modulus of the alloy,

which is dependent on both composition and temperature [11,12] is thought to
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influence the transformation temperatures. However, it is not clear how the addition of

different alloying elements to NiTi is linked with the elastic properties and therefore

the transformation temperatures. The current research focuses mainly on the

understanding of this relationship. Therefore, a brief explanation of how the elastic

constants can be affected by composition is presented in the following section.
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Figure 2.15: The effect of alloying element Fe, Pd, Pt, Hf, Co, V, Mn Au, Zr, Al and Cr on martensitic
transformation temperature of Ti—Ni system: (a) wide alloying range, (b) narrow alloying range (low
alloying level). The data were compiled from the data in references indicated in the figure [11].
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2.5 Electronic Basis of the Strength of Crystals, Bulk and
Shear Moduli

2.5.1 Atomic Number, Orbital Electron Occupancy

Bulk modulus is a measure of resistance of a crystal (solid) to volume change
and shear modulus is a measure of resistance to shape change [179,180]. A major
source of information on the trends in elastic stiffness is the Periodic Table of
Elements. Figure 2.15 is a plot showing the dependence of the bulk moduli of the
elements on their atomic numbers. It may be seen that there are six peaks in bulk
stiffness corresponding to each of the standard Periodic Table [180]. The maxima fall
at when the valence shells of rows one and two are half full of electrons; and then
when each of the transitions shells (3d,4d, and 5d) is roughly half filled. Three of these
peaks are related to transition metals [180-182]. Therefore, atomic number and

electron occupancy of orbitals are two major factors influencing the elastic constants.
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Figure 2.16:Bulk Moduli of Elements [179].
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2.5.2 Number of Valence Electrons, Size of Ion Cores

In addition to the patterns of Figure 2.15, there are other patterns that relate to
the sizes of ion cores of the atoms in the metallic bonding and their net charges
(nuclear charge minus the ion core charge). Both of these depend on the number of
valence electrons (column of the periodic table) as well as the sizes of the ion cores

(atomic numbers).

2.5.3 Valence Electron Concentration (Density)

A simple pattern for the elastic constants of transition metals and alloys exists.
It correlates to the majority of alloys. It is a linear relationship between the valence
electron concentration (density) and the bulk modulus. By increasing the valence
electron concentration, the bulk modulus increases [179,183]. This relationship is
illustrated for the metals and alloys of the first, second and third long rows of the

Periodic Table in Figure 2.16 [180].

2.5.4 Magnetism

The d-orbitals play a critical role in the transition metals but they do not
usually act alone. They become hybridized with p- and s-oribitals. The evidence of
their importance is that as one proceeds across one of the long rows of transition metal
row in the periodic table, the atomic volume changes relatively little but the elastic
stiffness changes markedly, reaching a maxmimum near the middle of each row.
Manganese is an exception in which the bonding is strongly affected by its anti-
ferromagnetism [184]. Other elements that are influenced by their magnetism, but to a
lesser extent than Mn, are Cr, Fe, and Co. Figure 2.17 [180,184] shows the difference
between the magnetic and non-magnetic cases as calculated by Moruzzi and Marcus
[184]. This effect can be maintained in the alloys containing more than a certain

quantity of these elements as well.
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We will use this anti-ferromagnetism effect of Mn on elastic constant to
explain the increase of the transformation temperature in Mn-rich Hesuler shape

memory alloys in Chapter 4.
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Figure 2.17:Trend lines for the logarithm of the bulk moduli versus the logarithm of the valence
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2.6 Site Occupancy of Alloying Elements

A pointed out, martensitic transformation temperature is strongly dependent on
composition and alloying. In spite of the importance of the site preference behavior of
the additions to the base alloy for the understanding of their effect on the shape
memory characteristics and transformation temperatures, very limited studies have
been performed to determine the actual site preference of ternary additions to NiTi.
Electron configuration, atomic size, chemical affinity of alloying elements towards Ni
or Ti has been thought to influence the site preference and occupancy of the ternary
elements [11]. Zr and Hf which are iso-electronic with Ti, are thought to prefer Ti sites
in NiTi crystal. The reliability of suggestions is under the question as no experimental
verification has been done. Relative chemical affinity of alloying element to Ti and
Ni is another important factor. If an alloying element has strong affinity to Ti
(represented by a large negative formation enthalpy) but has only weak affinity to Ni,
this element tends to substitute for Ni, as it has similar chemical property as Ni. Co
and Fe satisfy this condition and thus are thought to substitute for Ni. Atomic size
factor is another factor. If other factors are the same, an alloying element tends to

substitute for species of a similar size [11].

2.6.1 Experimental and Theoretical Attempts for Site Occupancy

Determination

The only experimental effort to determine the site occupancy of alloying
element in NiTi has been made by Nakata et al. [178,185,186]. Atom location by
channeling enhanced microanalysis (ALCHEMI) method was used to determine the
site preference of alloy element Cr, Mn, Fe, Co, Cu, Pd. Within the limited accuracy
of ALCHEMI, they suggest that: (i) Fe, Co and Pd have strong preference for entering
into Ni-site, irrespective of the formula of adding alloying element. (ii) Sc has strong
preference for entering into Ti-site, irrespective of the formula of adding alloying
element. (ii1) V, Cr, Mn, Cu and Au seem to have less preference for a particular site;
their occupancy fractions are strongly affected by the formula of adding alloying

element.
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A technique for atomistic modeling of the site substitution behavior of alloying
elements in NiTi has been used by Bozzolo et al [187,188] to determine the site
preference of alloying elements in NiTi structure. It was found that all elements, to a
varying degree, displayed absolute preference for available sites in the deficient
sublattice. However, the energetics of the different substitutional schemes, coupled
with large-scale simulations indicates that the general trend in all cases is for the
ternary addition to want to form stronger ordered structures with Ti. Fig. 2.16
summarizes the tendency of element towards Ni and Ti site. Higher energy gap
indicates more relative preference for Ni site occupancy. This theoretical modeling
needs to be experimentally verified. It was concluded that the site preference behavior
is largely driven by the XTi bonds created when X occupies Ni sites, in spite of the
energy cost of creating Ni(Ti) anti-site defects [187]. The result of this theoretical

modeling requires experimental verification.

2.7 Local Atomic Structure

Despite extensive research on many aspects of the NiTi-shape memory alloys,
the knowledge of local atomic structure (structure of neighboring atomic species to an
atom) and also electronic structure of the alloys is very limited [189-191]. X-ray
absorption spectroscopy which is a relatively new technique has been only briefly used

in NiTi-based shape memory alloy.

2.7.1 Local Atomic Structure (XAFS Studies)

The structure of nanocrytalline NiTi with different annealing temperatures,
prepared by sputtering was investigated by extended X-ray absorption fine structure
(EXAFS) [189]. It was found that the structure of nano-phase powder is different from
bulk NiTi. By increasing the annealing temperature, a small fraction of the (Ni,Ti)
type nanocrystal with a hexagonal structure was present with a random atomic

occupation.

The most interesting and in depth local atomic structure study pertains to the

recent structural study of austenite and martensite of Niy:xMn;xGa 0<x<16 by Bhobe
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et al [190]. In this work, in order to understand the atomic re-arrangements that occur
upon martensitic transformation, room-temperature and low-temperatures EXAFS
measurements were carried out. The Fourier transform (FT) magnitude in R space of
&’ weighted Mn K-edge EXAFS at room temperature and low temperature are shown
in Fig. 2.17 [190]. Fitting the absorption behavior data by a structural model reveals

the local atomic structure of the atoms around the absorbing atoms.
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Figure 2.19: Absolute site preference behavior for X (=Fe, Pt, Pd, Au, Al, Cu, Zr, Hf) additions to (Ni,
X)Ti (open squares) and Ni(Ti, X) (solid squares) alloys. Solid squares denote the energy gap y (in eV)
between X(Ti) and X(Ni)Ni(Ti) substitutions in Ni(Ti, X) alloys. Open squares denote the energy gap
between X(Ni) and X(Ti)Ti(Ni) substitutions in (Ni, X)Ti alloys. Open squares high in this chart
indicate that the element has a strong preference for Ni sites in (Ni, X)Ti alloys. Solid squares low in
this chart indicate that the element has a very weak preference for Ti sites in Ni (Ti, X) alloys. The
energy gap (in eV) is defined as the difference in energy between the lowest energy configuration
(X(Ti) and X(Ni), respectively), and the average of the two states higher in energy (X(Ti)Ti(Ni); and
X(Ti)Ti(Ni)¢ for (Ni, X)Ti, and X(Ni)Ni(Ti); and X(Ni)Ni(T1); for Ni(Ti, X) alloys, respectively) [199].

The modulation amplitudes over which the constituent atoms move, giving rise
to the shuffling of the atomic planes in the modulated structure due to austenite to
martensite transition have been clearly determined by this study. Typical structures
model of the local structure around Ga atoms concluded from fitting EXAFS data of

Ni,:xMn; Ga alloys are presented in Fig. 2.18 [190].
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In another work, X-ray absorption near edge spectroscopy (XANES) has been

briefly used to understand the evolution of R phase before formation of martensite in

Ni-rich NiTi shape memory alloy by Mehta et al [191].
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Figure 2.20: The magnitude of Fourier-transform spectra of Mn K-edge EXAFS in the austenitic phase
(room) temperature_ for (a) x=0, (b) x =0.1, and in the martensitic phase for (c¢) x=0, (d) x=0.1, (e)

x=0.13, and (f) x=0.16 [190].
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2.7.2 Local atomic structure of melt-Spun NiTiCu shape memory

Ribbon

It is known that the properties of NiTi shape memoy alloys can be changed by
alloying. However, most of the ternary alloys are too brittle to be deformed plastically.
The melt-spinning technique has been introduced to tackle this problem by skipping
the thermomechanical shaping procedure and to achieve fine grain [192]. During the
process, the starting alloy is induction melted in a quartz crucible and then ejected with
a pressurized argon gas out of a nozzle onto a high speed rotating copper roller

quenched by water.

Since the melt-spinning is a non-equilibrium technique, the structure of the as-
melt-spun ribbon depends on the cooling rate controlled by the processing parameters
[192-194]. The initial structure of NiysTisoCuss ribbon can be amorphous by adjusting
the melt temperature of the alloy. Previous experimental work on this ribbon confirms
the amorphous structure of the alloy [193]. The amorphous alloy is crystallized to
activate its shape memory effect. Some aspects of the crystallization of this alloy have
been studied [195-197], however, the details of its local atomic structure in the as-
prepared condition and subsequent local atomic changes during crystallization which
gives rise to some transformation temperature change are unclear. The possible
presence of short range order in a NiysTisoCuys melt-spun ribbons and the evolution of
chemical bonding during crystallization is an important step to understand
crystallization. An ideal tool to directly investigate local structures is X-ray absorption
fine structure (XAFS). The analysis of the extended x-ray absorption fine structure
(EXAFS) allows one to obtain information about the number of nearest neighbors
(coordination number), the bond lengths, degree of disorder, and also the chemical
nature of the surrounding species. This technique will be used to study the structural

evolution of a NiysTis90Cuys ribbon during crystallization.

2.8 Summary

The characteristics of shape memory alloys including their thermoelastic

martensitic transformation, transformation hysteresis, and crystal structure change
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during transformation were decribed. A collection of almost all transition metal shape
memory alloys with martensitic transformation temperatures in the range of -206 to
1100°C are presented. The number and concentration of valence electrons, atomic
number, ion core size and antiferromagnetism have been explained to be influential on
the elastic properties and therefore transformation temperatures of transition metals.
The necessity of the study of these factors on the transformation temperatures of shape
memory alloys has been indicated. The importance of local atomic structure of

metallic materials to understand their properties have also been shown.
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Chapter 3

3 Experimental Procedures and Analysis Methods

The experimental procedures and analysis methods of the current work are illustrated in

the chart of Fig. 3.1. The description of the methods and procedures follow in this
chapter.
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Figure 3.1: Flow chart showing the experimental procedures and analyses methods.
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3.1 Alloy Production

Bulk NiTiHf shape memory alloys containing 5-20at% Hf or Cu were prepared
in 20 g batches by combining high purity (MaTecK, 99.97%) Ti, Ni, and (MaTecK,
99.9%) Hf pellets in stoichiometric amounts, and arc melting under argon atmosphere in
an Emund Buhler mini arc melting system. The resulting disc-shaped precursors of
approximately 3 cm diameter were initially homogenized at 950°C for 8 hours in a high-
vacuum furnace (1.8 x 10~ Pa). The specimens were solution treated for a second time
at 950°C for 1 hour followed by water quenching to ambient temperature. Three
solution treated Ni-rich NiTiHf containing 10-20at% Hf were aged at 650°C for 2 hours.
These specimens used to study the effect of aging on the transformation temperature in

this group of alloys.

3.2 Chemical Analysis

For semi-quantitative analysis of elements in the alloy specimens, energy
dispersive spectroscopy (EDS) was carried out on four different regions of the
specimens polished to a mirror-finish surface. A JEOL JSM-5600LN scanning electron
microscope (SEM), operated at the accelerating voltage of 15 KeV, was used. The
chemical compositions for Ni and Ti were within 0.05-0.14 at% and for Hf and Cu

within 0.10-0.34 at% of the nominal values of the alloys.

3.3 Differential Scanning Calorimetry

The transformation behavior was measured using differential scanning
calorimeter (TA Instruments, MDSC 2920), and the transformation temperatures were
determined using slope line extension method. A heating and cooling rate of 10°C/min

was used.
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3.4 Valence Electron Analysis

In order to understand the mechanisms that control the transformation
temperatures in NiTi-based alloys, a profound knowledge of how the atomic bonding is
influenced by alloying elements is necessary. As it was pointed out, it is well known
that in metallic materials the delocalized valence electrons hold the non-valence
electrons and nuclei of atoms (ion cores) together and form metallic bonds [50,179,183]
Therefore, knowledge of how the alloying elements alter the electronic structures of
these alloys is essential. In the present work, the electronic structures of various ternary
and quaternary NiTi-based alloys and correlated them to the transformation
temperatures are investigated. Two parameters are paid attention to: 1) the number of

valence electron per atom, and 2) the valence electron concentration of the alloy.

The number of valence electrons are usually considered as the number of d and s
electrons for an atom of transition metals, and p and s electrons for an atom for non-
transition ones. The valence electrons per atom of an alloy can be calculated based on

the atomic fraction of the elements in the alloy by Eq. (3.1):

e
_V:fAe;l+fBef+fcevC+fDevD+... (3.1)
a

where f4, /5, fc and fp represent the atomic fractions of A, B, C, and D elements

in the alloy and, e/ e’ e and e are the corresponding number of valence electrons

of elements A, B, C, D, respectively.

The average concentration of valence electrons ¢, of an alloy can be defined as
the ratio of number of valence electrons to the total number of electrons of the alloy, ¢,
= (ey/e;), which can be simply calculated as follows (Eq. 3.2):

A B C D
_ﬁ_ fAev +fBev +fCev +fCev

Yoe, fZ+[elet foZo 12,

(3.2)

where Z4 Zp Zc Zp etc., represent the atomic numbers of elements A, B, C, D, etc.,
respectively. Similarly f4, /5, fc, fp etc., represent their corresponding atomic fractions
in the alloy. Depending on the alloying elements, atomic fractions of elements

comprising an alloy, different ¢, values are resulted.
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3.5 Quantitative X-ray Diffraction (Rietveld Refinement)

The parent phase of all NiTi-based alloys, austenite, has a cubic B2 (ordered
body centered cubic) structure. Depending on composition and thermomechanical
treatment, the B2 Austenite phase transforms to its ground-state martensite B19” by one
of three transformation paths: B2(Pm-3m)-B19°(P2;/m), B2(Pm-3m)-B19(Pmmb)-
B19°(P2;/m) or B2(Pm-3m)-R(P3)-B19°(P2;/m) [11]. B’19 has a monoclinic crystal
structure of P2;/m space group. The martensitic transformation of B2-B19’ is basically
a group-subgroup symmetry change. In NiTiHf alloys the direct transformation of B2-
B19’ takes place [198]. In the present work B19’ crystal structure is used as the starting
model for the refinement of the crystal structure of martensite in NiTiHf alloys. Fig. 3.2,

illustrates a schematic of the unit cell of NiTi B19’ martensite.

X-Ray diffraction was used to analyze the crystal structures of the
polycrystalline alloys. Patterns were collected using Cu Ka radiation by scanning in the
20 range of 10-120° at intervals of 0.02° with a dwelling time of 4s. Crystal structure
analysis was conducted using the fundamental parameter Rietveld procedure as
implemented in TOPAS (Version 3) [199]. A Rietveld refinement involves fitting of the
full experimental diffraction pattern with calculated profiles and background. All the
parameters that define a diffraction pattern are parameterized in such a way that they
can be changed in a recurrent process to minimize the weighted squared difference
between the experimental data (Y;) and the theoretically predicted value (Y;..;) at each

angular position, according to Eq. 3.3:

Z Wi (K - Yical )2 (33)

where i varies from 1 to the number of observation and w=1/Y; is the reciprocal of the
variance associated to the ith observation. The crystallographic model of monoclinic
(P2;/m) B19” NiTi martensite and (Pm-3m) B2 austenite were used as starting models
for the refinements (Table 3.1 [11,200,201]). For each refinement, the following
parameters were varied: the background parameter, scale factor, cell parameters, zero
point correction, Lorenzien crystal size, isotropic thermal parameters, site occupancy
factors, and atom site coordinates. The strain factors and preferred orientation

parameters were not refined. Fig. 3.3 illustrates a typical refined diffraction profile of
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the alloys. The diffraction peaks correspond to B19’ NiTi martensite. No evidence of
precipitates is observed in the diffraction profiles. The refinements resulted in good fits
to the experimental data and Bragg reliability factor (Rp) values from 3.4 % to 5.1%

were obtained.

— [

Figure 3.2: Schematic of the unit cell of NiTi B19” martensite structure. Atoms are shown indark (Ni)
and light (Ti) colors.

Table 3.1: Crystallographic data of the monoclinic and cubic NiTi models [11,199,200]

Phase (Space group) Lattice parameters(A) and Atomic parameters
monoclinic angle
Xyz
B19’ (P2,/m) a=2.898, b=4.108 Ni (0.04 0.25 0.67)
c=4.646, p=97.78° Ti (0.42 0.25 0.22)
B2 (Pm-3m) a=3.015 Ni(000)

Ti (0.5 0.5 0.5)

Ni,Tis a=6.722 a=113.905° Ni(0 0 0), Ni(0.5 0.5 0.5)
Ni(0.06 0.59 0.76)

Ti (0.50 011. 0.25)
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The structure analysis was carried out following the standard method of least-squares

for the observed reflections. Here R;, is defined by Eq. 3.4:

Y -F)

R ==
2F, (3.4)

where F, and F, are the observed and calculated structure factors, respectively. The
crystallite size of the specimens was in the range 25-35 nm. For the aged alloys the
crystal structure model of the second phase (NisTisz) was used together with the B19°.
The crystallographic data of this compound [201] are reported in Table 3.1. Since the
precipitate that is formed by aging at this temperature in NiTiHf system is known to be
Niy(T1,Hf); [11], the occupancy of Ti site in the second phase were refined to obtain the
optimal atomic fraction of Hf dissolved in the precipitate based on the best fit. The
fraction was found to be nearly 0.15, hence a precipitate of Nig(TipgsHfo15) was

considered in the calculations of this study.
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Figure 3.3: Rietveld refinement of room temperature diffraction profile of NiysTigsHf}( indicating the
difference curve and only martensite peak positions.
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3.6 X-ray Absorption Fine Structure (EXAFS) Analysis

An ideal tool to directly investigate local structures is X-ray absorption fine
structure (XAFS). The analysis of the extended x-ray absorption fine structure (EXAFS)
allows one to obtain information about the number of nearest neighbors (coordination
number), the bond lengths, degree of disorder, and also the chemical nature of the
surrounding species. In this letter, the results of an XAFS study of the structure of a
melt-spun NiysTisoCuys and its crystallization process are presented. Specifically, we
explore the possible presence of short range order in a NiysTisoCups melt-spun ribbons

and the evolution of chemical bonding during crystallization.

Melt-spun NiysTisoCuys alloy ribbons 30 um thick x 20 mm wide were
produced. The ribbons were finely polished on both sides to a thickness of 10 pum which
was appropriate for XAFS measurements and to increase structural homogeneity. The
as-prepared amorphous ribbons were annealed at 500°C for 1, 3, 5, and 10 min. X-ray
diffraction (XRD) measurements were carried out under ambient conditions using Cu-
K, radiation. Room-temperature extended X-ray absorption fine structure (EXAFS)
measurements for all samples were performed at the XDD beam line at Singapore
Synchrotron Light Source (SSLS) which has an accessible photon energy range of 2.5 ~
10.5 keV [202,203]. Ni, Ti and Cu K-edge spectra were measured in transmission mode
and the spectra analyzed by standard procedures of data reduction using WINXAS
[204]. First, the EXAFS signal, x(k), was extracted by background removal, spline
function fit of the free atomic background, weighted by &° and multiplied by a Bessel
window function, followed by subsequent Fourier transformation (FT) over the region
where the amplitude of the non-weighted (k) is significant (%, the the wave number of
the photo-electron, ranges for Ti is 3~14.2, for Cu is 2.0 ~ 12.5 and for Ni is 2.0~12.5
A™"). The FT gives a radial distribution function (RDF), modified by the phase shifts
due to the absorbing and backscattering atoms. The data fit was carried out in R space
to the first coordination shell by filtering out the first peak in FT spectra. The structural
parameters N (coordination number), R (interatomic distance), and o (relative
displacement of atoms) were obtained, using theoretical phases and amplitude functions
calculated by the FEFF-8 code [205], which were based on the pure metal and

martensite NisoTiso structure. The Ni-Ni, Cu-Cu and Ti-Ti distances in closely packed
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pure metals are 2.49, 2.55 and 2.93 A, respectively. Cu-Cu and Ni-Ni are the nearest
neighbor atomic pairs, so in the fit of the first shell of the Cu edge in the FT data, only
Cu-Ti and Cu-Cu coordination were employed, due to a the limited XAFS data range
and similarity of bond lengths and scattering factors for Cu and Ni. XAFS cannot
distinguish between Cu-Cu and Cu-Ni, and therefore, the fitted Cu-Cu coordination
should contain the contributions from both species. The same analysis applies to the Ni
and Ti edge data. The inelastic factor, sy> was fixed to 0.80 for Ti-edge, 0.87 for Cu-
edge and 0.88 for Ni edge, while the binding energy (Eq) for the two coordination
components were made equal. A typical Fourier transform (FT) magnitude in R space of

the &° weighted Ti, K-edge EXAFS at a NipsTisoCuys are shown in Fig. 3.4.

0.07
Ti K-edge
0.06 |- Amorphous
—— Martensite
0.05 F —— Austenite
= 004}
x L
T oo03f
0.02 |-
0.01 |
0.00
0 1

R(A)

Figure 3.4: Fourier transform magnitude in R space of K weighted Ti K-edge EXAFS in a NipsTisoCuys
alloy in austenite, martensite and amorphous states.

3.7 Summary

The experimental procudures and analysis methods to study the effect of alloy
chemistry on the transformation temperature and local atomic structure of shape
memory alloys are presented. The procedures for alloy production through vacuum arc
melting, or melt-spinning, transformation temperature measurement by Differential
scanning calorimetry, structural analysis by X-ray diffraction and Rietveld refinement
and X-ray absorption Fine structure analysis are presented. Data Collection and method
of investigation of the electronic structure of the alloys on their transformation

temperature are also explained.
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Chapter 4

4 Dependence of Transformation Temperatures of
Shape Memory Alloys on the Number and
Concentration of Valence Electrons

4.1 Introduction

As introduced in Chapters 1 and 2, the transformation temperatures of shape
memory alloys are of paramount importance from both fundamental and technological
points of view [4-12]. Despite many efforts to relate transformation temperatures to
chemical composition, the dependence of M, and 4 on alloy composition has remained
unclear, and the design of alloys, has been rather empirical, as an in depth
understanding about the effect of composition change has not been achieved. The key
influential factors that have been referred to are elastic constants of the matrix crystal
before martensitic transformation and microstructural features such as precipitates [11].
In order to understand the factors influencing the transformation temperatures in NiTi-
based shape memory alloys, it is necessary to acquire an in-depth knowledge of how the
atomic bonding strength of the matrix crystal is influenced by chemical composition of
the alloys. It is understood that prior to martensitic transformation a softening of elastic
moduli occurs with lowering temperature [11,48,49]. Experimental works, in Cu-based
and NiTi-based shape memory alloys [7-10] are indicative of the existence of a critical
value of elastic constant at which transformation occurs which is not sensitive to alloy
compositions [4] and is only slightly dependant on temperature [11]. Based on this, the
elastic moduli of the alloy, which are dependent on both composition and temperature
are the key parameters influencing the transformation temperatures [11,12]. Since in
metallic materials the delocalized valence electrons dominate the strengths of bonds and

elastic properties [50], it is of importance to study the electronic structure of alloys.
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In the present work, the investigation is extended to nearly all existing
transition-metal-based shape memory alloys in order to reveal a more in depth
understanding of the dependence of transformation temperatures (M, A4s) on the
electronic structure of transition metal based shape memory alloys. The electronic
structures of nearly all the alloy systems are examined. Two parameters are considered:
1) the number of valence electron per atom, and 2) the valence electron concentration of
the alloy. Furthermore, the possible influence of other factors such as, Mn
antiferromagnetism, or electron orbital occupancy, on the transformation temperatures
of shape memory alloys is introduced. The findings of this study are important steps
towards understanding the influence of chemical composition on the transformation

temperatures of shape memory alloys and will enable more effective alloy design.

4.2 Analysis

A survey of the literature reveals a number of transition-metal shape memory
alloy systems with a wide range of martensitic transformation temperatures [11,19,22-
25,46,47,74-155]. There are many alloy systems with or without magnetic effects.
These alloys systems include NiTi, NiMn, CuAINi, AuCd, FeMn, ZrCu, NbRu, TaRu,
CoNi, CoAl, NizTa, CuZn, MnCu, TiPt, TiPd, TiNb, ZrNb, Fes;Pt, Fe;Ge, etc. Tables
4.1-4.3 present more than 200 alloy compositions which comprise nearly all the
transition-metal-based shape memory alloys, together with their transformation
temperatures (M;, As) in ascending order. The transformation temperature data were
extracted from the relevant literature as listed in tables or presented in graphs. The
majority of these data correspond to solution treated alloys to minimize the effects of
precipitates and mechanical work. Nonetheless, in few cases where solution-treated data
were not available in the literature, the data pertaining to annealed conditions have been
used. Thus, the possible effect of precipitates was not considered. Also, the possible
influence of different crystal structures both in austenite and martensite for different

alloy systems has not been considered in this work.
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4.2.1 Dependence on the number of valence electrons

The number of valence electrons are usually considered as the number of d and s
electrons for an atom of transition metals, and p and s electrons for an atom for non-
transition ones. The valence electrons per atom of an alloy can be calculated based on
the atomic fraction of the elements in the alloy by Eq. (3.1). The e,/a values of the
alloys examined in this study are within a wide range of 4.20-11.50 (Tables 4.1-4.3, and
Figure 4.1). The M; (4;) temperatures as high as 1100°C (1150°C) down to -206°C (-
153°C) are examined. For analysis in this study, the alloys are categorized into three
groups with low (e,/a<5), medium (5<e,/a<7.50) and high (e,/a>7.50) number of
valence electrons per atom as tabulated in Tables 4.1,4.2, and 4.3, respectively. A small

group of shape memory alloys have e,/a<5.

Table 4.1: Shape memory alloys with e,/a<5

Alloy Composition M A e/a Cy Ref
[at.%] [C] [C] [e atom™]

Tiz,Nbog -93 - 428 0.16 7]
Ti;,Nb,,Ta, -33 - 4.28 0.15 el
Tiz4Nbas 0 - 4.26 0.16 [76]
TizsNb,, 137 - 422 0.16 (73]
TigoNbog 217 - 4.20 0.16 [74]
TigoNb;s.40Pd; 60 288 405 4.28 0.17 (7]
Tig7NbsoPd; 300 5 4.48 0.16 (77

These alloys are mostly of TiNb-based compositions. A considerable number of non-
magnetic alloys happen to belong to the medium range. A majority of the NiTi-based
and many of high temperature alloys are within this group. The highest M is observed
in this group when e,/a is around 6.50 to 7.00, and tends to lower when e,/a deviates
from this range. While most of the non-magnetic alloys have e,/a values in the medium
range, the majority of magnetic alloys belong to the high valence electron category

(e,/a>7.50).Nearly all NiMn-based Heusler compositions, Co-based, Fe-based, and Cu-
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based alloys fall into this category. An overall view indicates that M temperatures of

these alloys are comparatively lower compared to those of the alloys in the medium e,/a

group (Figure 4.1). A similar variation with the number of valence electrons is observed
for A temperature. The number of reported A4 data is smaller than M only due to

unavailability of the 4 data in the literature.

Table 4.2: Shape memory alloys with 5<e,/a<7.50
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The alloy compositions in parentheses () are the weight percent formula of the alloys as presented in the
original references.

Table 4.3: Shape memory alloys with e,/a>7.50
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Cusg 51Al35.43Z109 06 (Cuzg 0Alg s4Zn1 5 56 (W) 102 48 8.50 035 008
NsoMnyGa;oGd, 105 115 7.82 027 U
NissMny;Gay; 110 115 7.70 027 U4
CogeAly, 112 236 8.16 032 4
CosoNipnGayeAl, 115 - 7.54 027 4
NisoMn,oGa; oDy, 126.2 123.7 7.66 027 U
NisoMn,sGaoYs 130 132 7.62 027
CosoNiy;GaysAls 150 = 7.54 027 U4
Niss sMny; 4Fe; 4Gas ¢ 166 180 7.72 027 U4l
Co35NigAls 167 - 7.90 033
NissMny, sGag s 175 200 7.75 027 14
Nigg 7sMnss sGays 75 175.1 178.7 7.83 028 ¥
NisoMnyoIn 177 = 8.10 028 ¥
NisoMnyyGais5C0, 5 223 224 7.79 028 Pl
NissTays 250 2 8.75 022
Cu7s.12A L 45sPd; 43 (Cugs 13A115,05Pds 76 (WH)) 262.8 262.8 8.87 035 81
Cuzg23Al50.77 (CugoAlyo (W) 265 = 9.34 036 1
Niso7Mn34 6Gays 7 311 319 7.93 029 U3
NisoMnyGayg 347 - 8.10 030 34
Cu7s. 1Al sAgs 4 (CugoAljpAg o(Wwt)) 350 = 9.28 035 1l
NisoMns7 sAl}; s 390 - 8.00 032 34
NisoMnysSns 437 = 8.35 030 4
NigoMnys sing o 487 509 8.29 030 [
NisoMns, 627 - 8.50 032 ¥

The alloy compositions in parentheses () are the weight percent formula of the alloys as presented in the
original references.

4.2.2 Dependence on valence electron concentration

The average concentration of valence electrons ¢, of an alloy was defined as the
ratio of number of valence electrons to the total number of electrons of the alloy, (Eq.

3.2). Depending on the alloying elements, atomic fractions of elements comprising an
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alloy, different ¢, values are resulted. These values for the alloys examined are tabulated
in Tables 4.1-4.3. The variations of M and A temperatures versus valence electron
concentration are plotted in Figure 4.2. In both cases, a main trend can be highlighted
with increasing the electron concentration. For alloys within the indicated bands both
M; and A, decrease consistently from temperatures as high as 1100°C (1150°C) down to
as low as -206°C (-153°C) for alloys with a ¢, of within 0.10-0.27. The decreasing trend
seems to stop around ¢,~0.27. By further increase of c,, M and 4 remain in a relatively
constant range or start to increase when the electron concentration is above 0.34-0.35.

The general trends of variation of M and 45 seem to be similar.

4.2.3 Deviations from the main trend

Apart from the main trend which involves the majority of alloys, three other
minor groups can be addressed which show some degree of deviation from the behavior

of the main group. These alloys are introduced as follows.

4.2.3.1 Mn-rich NiMnX Heusler alloys

When the electron concentration of the alloy is sufficiently high (¢,>0.27) in NiMnX
(X=Ga, In, Al) Heusler alloys, by increasing the Mn content beyond a certain limit (Mn
at%>30) M and A temperatures both increase considerably and deviate from the
general trend in alloys (Figure 4.2). Figure 4.3 is a plot of transformation temperature of
Mn containing Heusler alloys versus the Mn atomic fraction in the alloy. By increasing

the Mn content to ~30 at.%, the M temperatures increase.

4.2.3.2 High valence electron alloys (e,/a>7.50)

There are limited data points at medium or low ¢, values with relatively low M,
temperatures as indicated by (triangle) in Figure 4.2. These data points which show

some deviation from the main trend pertain to alloys with high e,/a. Despite high
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number of valence electrons (e,/a>7.50), their ¢, values are low or medium (0.17-0.22).
The corresponding data of these alloys have been highlighted in Table 4.3 in bold

format.
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Figure 4.1: Variations of (a) M; and (b) 4, with the number of valence electrons.
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Figure 4.2: Variations of (a) M; and (b) 4, with the valence electron concentration. The data in Figure 4.2
are the experimental values extracted for more than 200 alloys; each data point is very exact as is the
result of precise DSC measurements which has been repeated. However, the trends of variation with ¢,
show a scatter of data which can be represented by the M or A value £100°C.
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Figure 4.3: The effect of Mn content in Heusler alloys on the transformation temperatures. The data
correspond to all the NiMn and NiMnX(X=Ga,In, AlL...) alloys listed in Tables 4.2 and 4.3. However it
does not include NiMnGaSn or NiMnGaSb alloys in which Sb and Sn cancel the effect of
antiferrmagnetism of excess Mn.

4.2.3.3 Low valence electron alloys (e,/a<5)

There are a limited number of TiNb-based alloys with low electron
concentration (on average 0.15), and low number of valence electrons (e,/a<5) which
have M; and A, values lower than what is observed for ordinary alloys with similar
electron concentrations. These alloys tend to have an average atomic number of around

25. These data points have been shown by stars outside the main trend in Figure 4.2.

4.3 Discussion

4.3.1 Valence electron concentration, elastic properties, and

transformation temperatures

In order to understand the fundamental reason behind the influence of the main

factor, ¢, on martensitic transformation temperature of shape memory alloys, the
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relationship between valence electron concentration, elastic properties and

transformation temperatures of the alloys are discussed here.

In the metallic bonding the valence electrons act like ‘glue’, bonding non-
valence electrons and ion kernels together; whereas non-valence electrons contribute to
the total atomic volume of the alloy [50,181,183]. The way the strengths of particular
bonds in the alloys are influenced by the change of ¢, remains to be investigated in
detail. However, one possible explanation may be provided. Increasing valence electron
concentration could mean thickening of the ‘glue’ bonding the ionic kernels together. In
fact, an established empirical relationship between the valence electron concentration
and bulk modulus of metallic materials and intermetallic compounds is known [180].
Higher valence electron concentration usually results in higher bulk and therefore
shears moduli [179,180]. Bulk modulus is a measure of resistance of a solid to volume
change and shear modulus is a measure of resistance to shape change [179,180].
Increasing the valence electron concentration of the alloys, results in higher elastic and
shear moduli, at least in particular crystallographic directions. This has been empirically
shown in transition metals and alloys [179,180]. It is thus logical to think that change of
valence electron concentration is accompanied by a change in the elastic constant as the
interatomic bonding is affected [50,180]. The key factor controlling the bonding is the
electronic structure of the alloy. Martensitic transformation brings about a crystal shape
change in different alloy systems. For instance in NiTi-based SMAs the austenite body
centered cubic transforms to a monoclinic or orthorhombic shape. This shape change is
resisted by the bond strength of the parent crystal at least in specific crystallographic
directions. Thus, the elastic properties of the parent phase are extremely important in
determining when the lattice pressure for shape change can overcome the resistance of
the bonds in particular crystallographic directions for the shear to take place. The bond
strengths are controlled by the density of valence electrons. Before martensitic
transformation the elastic moduli decrease during cooling and reach a critical value
[11]. If the elastic moduli of austenite is enhanced as a result of higher c,, the cooling
should continue to lower temperatures before a critical elastic constant is reached as a
result of pre-martensitic softening of bulk and/or shear moduli, hence M; is decreased.
On the contrary, if the alloy has lower elastic bulk and shear moduli in austenite phase,
the critical elastic constant can be reached at higher temperatures and M is increased.

The decreasing trend continues until the electron concentration reaches around 0.27 and
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remains in a relatively constant range for most alloys beyond this range. A possible
explanation is that the ‘glue’ that was referred to, becomes too thick, and further
increase in its thickness does not fortify the bonds, rather at very high ¢,>0.34-0.35,
high valence electron concentration may even cause antibonding and slight increase of
the temperatures (Figure 4.2). M is influenced based on the elastic constants of
austenite and A4 follows its variation on the basis of the degree of reversibility of
transformation for each specific shape memory alloy. These explain why some of the
shape memory alloy compositions have high and some others have low transformation

temperatures.

Figure 4.2 which only shows the dependence of transformation temperatures on
¢, 1s formed based on the analysis of more than 200 alloys that belong to about 20 shape
memory alloy systems such as NiTi, NiMnGa, NiMn, CuAlFe, etc. Although alloys of
these systems, all show theroelastic shape memory behavior, however they differ from
each other in many ways. This fact incorporates a number of other factors which can
influence the elastic properties and transformation temperatures of the alloys.
Difference between the crystal structure of parent and martensitic phases in these
systems, presence or lack of magnetic properties, difference in electron orbital
occupancy in alloy systems are examples of other factors that can influence the
transformation temperatures even when alloys have the same ¢,. The outcome is the
scatter which has been represented by bands in the Figure 4.2. However, despite other
influential factors which are not accounted for in this Figure, the influence of ¢, is so

strong that can be observed from the Figure.

4.3.2 Effect of Mn

NiMnX (X=Ga, In, Al) Hesuler alloys with excess Mn and relatively high
concentration of valence electrons show increased transformation temperatures (Figure
4.3) and therefore deviate from the main trend. As discussed, the concentration and
number of valence electrons both play critical roles in elastic stiffness of the transition
metal crystals but they do not usually act alone. The d-orbitals may become hybridized
with p- and s-orbitals. Therefore, the occupancy behavior of the orbitals can also be

influential. As one proceeds across one of the long rows of transition metals in the
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periodic table of elements, the atomic volume changes relatively little but the elastic
stiffness changes markedly, reaching a maximum near the middle of each row [180].
Mn is an exception in which the bonding is strongly affected by its anti-ferromagnetism
[180]. The calculations of Moruzzi and Marcus indicate that the elastic moduli of Mn
are considerably reduced due to anti-ferromagnetism [184]. In NisoMn,sGays, the Ni
magnetic moment is much smaller than Mn moment. However, the Ni 3d state has a
larger contribution to the electronic state near Fermi energy than Mn 3d state [205,206].
Therefore both elements play important roles in determining the properties of the alloy
system [207]. When the Mn content of this Heusler alloy is high, it is possible that some
of the anti-ferromagnetism of Mn can be maintained. This results in considerable
reduction of the elastic moduli in particular direction and consequently the elevation of
the transformation temperatures (Figure 4.2). Clear evidences of anti-ferromagnetism
and/or negative magnetic moments on Mn atoms in NiMnGa alloys have been shown in
some recent works [208,209]. It is possible that Mn-rich NiMnIn and NiMnAl alloys
which also exhibit increased M, temperatures, are similarly affected by Mn

antiferromagnetism. In depth clarification of the influence of Mn requires further study.

4.3.3 High valence electron alloys with medium or low electron

concentration

In the alloys with ey/a well above 7.50, the sensitivity of transformation
temperature to the concentration of valence electrons is considerably reduced. This fact
is evident from the plot of M;-c, for these alloys (Figure 4.4). This implies that when the
number of valence electrons is sufficiently high, the strength of the bonds and therefore
elastic properties can be high even at medium c¢,(0.17-0.24). This originates from the
fact that higher number of valence electrons can provide sufficiently strong bonding for
larger or denser ion kernels in the metallic bonds [180]. The net result is lower
transformation temperature for these alloys and some degree of deviation from the main

trend (Figure 4.1).

Some of the factors influencing the martensitic transformation of Cu-Zn and Cu-
Zn-Al alloys have been discussed by Ahler [210]. The effect of heat treatment

parameters such as cooling rate in quenching temperature and aging time prior to
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quenching have been mentioned as influential. It has also been stated that in contrast to
other noble alloys in Cu-Zn and CuZnAl alloys M, is not related to e/a (the number of
electrons). Moreover, an interesting relationship between M; and monoclinic distoraion
(c/a) in some alloys is shown. The review presented in the above pages indicates some
of the factors specifically related to CuZn and CuZnAl alloy, based on alloy
composition. For instance it is shown that increasing Zn content lowers M, or
increasing monoclinic distortion decreases this temperature. In all of these, there is no
explanation why these parameters are or are not affecting the M, temperature and the
main outcome solely is that Ms temperature of the alloys is dependent on composition.
Nonetheless, this type of work and the data are very valuable especially the lattice
relationships data when collected in a comprehensive work may reveal some of other
factors involved. From the view point of the approach presented in the current thesis
which focuses on the large scale change of transformation temperature 100°C or more,
CuZn and CuZnAl alloys belong to high valence electron group of alloys. In this group
the level of the dependence of the elastic properties of the parent crystals on the valence
electron concentration is lower that the other alloys if the concentration of valence
electrons is also high. However, elements like Zn can influence the number of valence
electron which is also a factor affecting M;, similarly as in these alloys s and d electrons
are filled the electron occupancy in the orbitals is very influential but its effects very
complex at this stage to explain and needs a number of separate studies. From the
present work one important fact can be extracted and that is the influence of valence
electron concentration needs to be considered in conjunction with the number of
electrons and if known orbital occupancy.The lattice distortion relationship shown in
some studies is an outcome of the change of composition and its effects on ion cores
and lattice parameters which influence the elastic properties of the lattice and the

corresponding change in the elastic properties and therefore transformation temperature.

4.3.4 Low valence electron alloys

The existing low valence electron alloys show ¢, values of 0.14-0.17, for which
alloys in the main group have M; of usually more than 400°C. In low electron alloys the
M values are significantly lower (-93-300°C) than the main trend. These alloys contain

considerable amount of Nb, and their average atomic number is nearly 25-26. The
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elastic moduli of low valence electron Ti-based alloys have been studied by some
researchers [211-213]. In Ti-based alloys the stability of austenite phase increases by
increasing e,/a from nearly 4 by the solid solution strengthening with the addition of

alloying elements near Ti group in periodic table [211].
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Figure 4.4: Variation of M, with valence electron concentration for high valence electron alloys.

There are reports of maximum elastic modulus of the alloy when the e,/a is in around
4.15 [212,213]. In terms of electronic structure of the alloys it is not clear why the
austenite stability can be extended to lower temperatures. Apart from valence electron
concentration, and the number of valence electrons per atom, the (average) atomic
number of an alloy can also be influential on the mechanical and elastic properties of
the material as was introduced in Chapter 2. The low valence electron alloys which are
the subject of the study in this paragraph show an average atomic number of nearly 25
or 26 (the average atomic number is calculated based on the atomic fraction and atomic
number of each element in the alloy). In terms of atomic number these alloys simulate a
transition metal with the atomic number of almost 25 for which the electronic
configuration can be written as: 1s°2s*2p°3s*3p°4s?3d°. In transition metals and alloys,
in the condition where the d orbital is nearly half filled (d=5 or 6), usually the elastic

moduli are maximum compared to higher or lower d occupancies [180]. Higher elastic
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moduli of the parent phase results in lower martensitic transformation. When the alloy
deviates from this maximum elastic moduli condition (higher or lower e,/a), the
transformation temperatures is expected to be higher. This may be indicative of the
considerable influence of orbital occupancy behavior on the elastic properties and

transformation temperature of the shape memory alloys with low valence electrons.

Collins has referred to the importance of e,/a of Ti-based alloys as an influential
factor affecting M, temperature [214]. Some empirical relationship between the e/a and
elastic properties have been presented. The significance of e,/a =4.15 as a specific value
for the elastic properties of these alloys have been described. However, there is no
explanation why e,/a is influencing the elastic properties. In the present work the
importance of e/a, ion core size, and orbital electron occupancy has been briefly
described as important factors affecting the elastic properties of the crystals (section
2.5.1,2.5.2). Moreover, in section 4.3 for low electron alloys it was explained that when
the number of e,/a is low (e,/a<5) i.e. in the case of Ti-based alloys, the influence of
orbital occupancy of electrons and the atomic number is considerably increased. There
are reports of maximum elastic modulus of these alloys when the e,/a is in around 4.15
[211,212]. In terms of electronic structure of the alloys it is not clear why the austenite
stability can be extended to lower temperatures. Apart from valence electron
concentration, and the number of valence electrons per atom, the (average) atomic
number of an alloy can also be influential on the mechanical and elastic properties of
the material as was introduced in Chapter 2. It was disscused previously that the atomic
number of these alloys makes them special as it influences their elastic properties and

transformation temperatures.

In general the idea of the influence of the electronic structure on the
transformation temperature in Ti-based alloys have been on and off presented in the last
3 decades. Some have taken it from the Hume-Rothery rules which dates back to even
older times, and some have tried to look at the influence of the number of electron per
atom (e,/a). In the last decade theoretical attempts to use first-principle calculations to
explain the influence of electrons have been tried without any solid results. Moreover,
in magnetic shape memory alloys the influence of the number of electrons per atom has
been shown to affect the transformation temperatures of these alloys. However, one

important point in all of these has been missing which is how the elastic properties of
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the crystals are linked to the electronic structure. The key point has been introduced and
demonstrated in the current work which is the relationship of valence electron
concentration (density) and elastic bulk and shear moduli of the alloys and therefore
transformation temperature. It is the first time that this dimension of the influence of the

electronic structure has been presented.

4.4 Summary

Dependence of transformation temperatures of shape memory alloys on the
number and concentration of valence electrons are studied. The shape memory alloys
are categorized into low (e,/a<5), medium (5<e,/a<7.50), and high (e,/a>7.50) valence
electron groups. For majority of alloys in medium and high valence electron group,
clear correlations between transformation temperatures and their valence electron
concentration (c,) are found. M, and 4, both decrease from 1100 and 1150°C to as low
as -206°C and -153°C respectively, with increasing ¢, from 0.10 to around 0.30. When
the number of valence electrons per atom is high (e,/a>7.50), the transformation
temperatures show much less dependence on c¢,. High electron NiMnX (X=Ga, In, Al)
Heusler alloys containing Mn (>30 at%) show high transformation temperatures at high
¢, values most likely due to anti-ferromagnetism of excess Mn which reduces the elastic
moduli. The low valence electron group shows significantly lower transformation

temperatures for their ¢, values compared to the main group.
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Chapter 5

S Dependence of Transformation Temperatures of
NiTi-based Shape Memory Alloys on the Number
and Concentration of Valence Electrons

5.1 Introduction

Addition of various transition metals to NiTi that either elevate or lower the
transformation temperatures has been studied, part of which has been reviewed by
Otsuka et al. [11]. Apart from the selection of alloying elements, their replacement for
Ni, Ti or both is also of paramount importance. For instance, when W is added to
replace Ni, the M, temperature is above room temperature; whereas when it replaces

Ti, the M, temperature drops to below room temperature [30].

Despite numerous studies on modification of the NiTi transformation
temperatures by adding ternary or quaternary elements, very little work has been done
to understand the fundamental reason for these changes. In shape memory alloys, prior
to martensitic transformation a softening of elastic constant occurs with lowering
temperature. Experimental results, mainly in Cu-based and also in NiTi-based shape
memory alloys [7-10] suggest that there is a critical value of elastic constant at which
transformation takes place which is not sensitive to alloy compositions [4], and is only
slightly dependant on temperature [11]. Based on this, the elastic modulus of the alloy,
which is dependent on both composition and temperature [11,12], is thought to
influence the transformation temperatures. However, it is not clear how the addition of
different alloying elements to NiTi is linked with the elastic properties and therefore

the transformation temperatures.

In the present chapter, we have examined the electronic structures of various
ternary and quaternary NiTi-based alloys based on the method shown in the previous
chapter and correlated them to the transformation temperatures. Similarly, two

parameters are paid attention to: 1) the number of valence electron per atom, and 2)
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the valence electron concentration of the alloy. The correlations discovered in this
study help to fundamentally understand the influence of alloying elements on the
transformation temperatures of shape memory alloys, thus enabling more effective

alloy design.

5.2 Analysis

A survey of the literature reveals that the addition of Fe, V, Mn, Co, Cu, Zr,
Nb, Mo, Pd, Ag, Hf, Ta, W, Re, Pt, Au, affects the transformation temperatures of
NiTi-based alloys. Particularly, addition of Fe, V, Mn, Co, Cu, and W for Ni and Re
and Cu for Ti reduces the transformation temperatures; whereas addition of Hf, Zr, Ta,
and W to replace Ti, or Pd, Pt, and Au to replace Ni, increases the transformation
temperatures considerably. Table 5.1 lists the transformation temperatures (M, 45, and
hysteresis) for 50 ternary or quaternary alloys which cover nearly all the ternary and
quaternary transition metals added to NiTi. In the present work only solution treated
alloys have been considered to minimize the effects of precipitates and mechanical
work. The possible effect of grain size or morphology has not been considered. The
transformation temperature data were extracted from the relevant literature as listed in
tables or presented in graphs. The variations of both the number of valence electron
per atom and the valence electron concentration due to addition of alloying elements

are presented in the following sections.

5.2.1 Number of valence electrons per atom of the alloy

The valence electrons are electrons in the outermost principal quantum level of an
atom. For transition metals the valence electrons are usually considered as the number
of d and s electrons for an atom. In equiatomic NiTi alloy, the electronic
configurations of Ti and Ni, are, Ti: 1s*2s*2p°3s?3p°4s°3d*, Ni: 1s*25*2p°3s?3p°4s°3d®,
and the number of valence electrons, (e,), of these elements arce' =4, e =10.
Therefore, the average valence electrons per atom of the alloy e,/a = (4+10)/2 =7. As
a result of the addition of an alloying element, e,/a may remain constant (for replacing
Ti or Ni with an element from the same group in the periodic table) or may change (by

replacing Ti or Ni with an element not from the same group in the periodic table). The
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valence electrons per atom of ternary and quaternary alloys can be calculated based on

the atomic fraction of the elements in the alloy by Eq. 5.1:

e,

_leev +leev +fTe +fQ

a
5.1)

~

Table 5.1: Ms, As, transformation hysteresis, ev/a and cv of a number of ternary and quaternary NiTi-
based shape memory alloys. References show the source of transformation temperatures and hysteresis.
The hysteresis values are calculated based on Ap-Mp as reported or based on the DSC or resistometry
results presented in the original literature. The values designated by (*) are based on Af-Ms data, and
those designated by (+) are approximated by Af-Ms estimated from the experimental curves presented
in the relevant literature.

M, Ay Hysteresis e/a
Alloy ¢y Ref.
['C] [C] ['C] [e/atom]

Nig3TisoCosy -100 - - 6.93 0.278 [11]
NigsTisoFes -100 - - 6.88 0.277 [27]
Niy;TisoFe; -98 - - 6.94 0.278 [11]
Nigg sTisoCry s -95 - - 6.94 0.278 [11]
NiygTisoMn, -95 - - 6.94 0.278 [11]
Nig7 sTisoFeaMog s -90 5 52 6.94 0.277 [33]
NiygsTisoVs -80 - - 6.75 0.273 [11]
NiggTisoV4 -50 - - 6.80 0.274 [11]
Nig7.6Ti46.4Nbg -50 -29 - 6.92 0.266 [28]
NisTissW» -37 -26 39 7.04 0.270 [30]
NigpsTignsCuys -34 -30 10 7.60 0.296 This study
NiggTisoCusMo; -30 - - 6.99 0.277 [35]
NisoTiggW -28 -12 36 7.02 0.275 [30]
Nigg3Tis1Mog 7 -13 20 - 6.91 0.275 [29]
NiygyTispMo; 10 20 36 6.96 0.276 [29]
NiygsTisoPds 20 - - 7.00 0.270 [11]
Nij3g 5Tisg sCuyoCry 25 30 14 7.08 0.282 [38]
Nis;Tigs74Re1 26 37 87 55 7.16 0.277 [31]
NisgTigsTas 44 76 53 7.05 0.255 [30]
NiggTisoW, 55 70 29 6.92 0.266 [30]
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where fi, fri, and fr and fq represent the atomic fractions of elements in the alloy for

Ti
v

Ni, Ti, ternary and quaternary elements, and e, e/’ e’ and e? are the corresponding

number of valence electrons of Ni, Ti and the ternary and quaternary elements,
respectively. The calculated values for alloys in this study are within 6.10-7.20 range.
Figure 5.1 illustrates the significant variations of M, and 4 with the e,/a ratio. For

both cases, two distinct conditions are observed, i.e., e,/Ja # 7, and e,/Ja = 7.

ev/a # 7: When e,/a # 7, three regions of variations are observed. 1) e,/a<6.8 in which
the M and 4, temperatures decrease with increasing the ratio, 2) 6.8<e,/a<7.2 in which
the M and 4, temperature data are scattered with no clear tendency with respect to e,/a
(Figure 5.1), and 3) one data point with e,/a>7.2 which has slightly lower M; and A

temperatures compared to the alloys with e,/a<6.8.

ev/a =T: At ei/Ja = 7, M and A, exhibit a broad range from ambient temperature to
temperatures as high as 950°C. According to Figure 1, it seems that e,/a = 7 is an
important condition for obtaining very high transformation temperatures. Figure 5.1
also suggests that other factors play a part in determining the transformation

temperatures that will be examined in the following section.

5.2.2 Valence electron concentration
The average concentration of valence electrons ¢, of an alloy can be defined as the
ratio of number of valence electrons to the total number of electrons of the alloy, ¢, =
(e./e,), which can be simply calculated as follows (Eq. 5.2):

e, wen + fre) + fre, +ervQ

Cv = = (5.2)
e, JfulntInlnt 1Z; +fQZQ

where Zy; Zr, Zr, and Zp represent the atomic numbers of Ni, Ti, ternary and
quaternary elements, respectively. Depending on the alloying elements, atomic
fractions and replacement sites (either for Ni or Ti, or both) different ¢, values are
resulted. These values for NiTi-based alloys are reported in Table 5.1 and plotted in
Figure 5.2. M and A4, temperatures are found to vary significantly with increasing c,.
By increasing the valence electron concentration M decreases from 900°C to -160°C

and A also decreases with increasing c,, from 950°C down to -30°C.
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Figure 5.1: Variations of M, and A; with the number of valence electron per atom (e,/a) of NiTi-based
ternary and quaternary alloys, (a) Martensite start, (b) Austenite start temperatures.
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5.2.3 Transformation hysteresis

Figure 5.3 illustrate a plot of transformation hysteresis as a function of the
atomic size (radius) of the alloying elements in NiTi-based shape memory alloys. The
data represent only the alloys (from Table 1) with e,/a of 7 or close to 7 (6.97<e,/a<7),
and 20 at% alloying elements. For these alloys the transformation hsyteresis seems to
be influenced by the atomic size of the alloying elements. By increasing the atomic

size at almost constant e,/a the transformation hysteresis is increased (Figure 5.3).

5.3 Discussion

5.3.1 d-d overlapping occupancies, valence electron concentration

The variation of transformation temperatures and hysteresis with e,/a clearly indicates
two distinct trends of variations, one corresponding to incomplete d-d overlapping
electron occupancy when (e,/a) # 7 and, one to the complete d-d overlapping electron
occupancy (e,/a = 7). Overlapping orbital occupancy is the way the d orbitals of Ni, Ti
and alloying elements fill up each others unoccupied orbital of very similar energies.
For instance Ni atoms (d8) and Ti atoms (d2) overlap part of their d orbitals to
completely fill up their common d=10 orbital. When the d—d overlapped orbital is
completely filled, a broad range of transformation temperatures, which can be as high
as nearly 900°C for M, and 950°C for A, are observed. In this condition e,/a is not the
controlling factor of transformation temperature (as it is constant) (Figure 5.1a). This
clearly shows that the transformation temperature is very much dependant on whether
or not the d-d overlapping in the alloy is complete or incomplete. This fact can be one
of the useful tools for design of NiTi-based shape memory materials with expected
transformation temperatures. Among the alloys with (e,/a) = 7 when the total number
of electrons (e,) increases, the transformation temperatures increase. This indicates that
not only the average valence electron but also the number of total electrons are
influential. In Figure 5.2 it was shown that valence electron concentration (¢, = e,/e;)

exhibits clear relationship with M, and A, temperatures. The relationships of M;-c, of
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As-c, may serve as useful tools for the design and approximate adjustment of the

transformation temperatures of new alloys.
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Figure 5.2: Dependence of M, and A, on valence electron concentration of NiTi-based ternary and
quaternary alloys, (a) Martensite start temperature, (b) Austenite start temperature.
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Figure 5.3: Dependence of transformation hysteresis of NiTi-based alloys on the atomic radius of the
alloying elements. The alloys have 6.97<e,/a <7 (e,/a =7), and 20 at.% of alloying elements.

5.3.2 Valence electrons, elastic moduli, and transformation
temperatures
Although at this stage it is difficult to comprehensively understand the

fundamental reason behind the influence of the main factor, ¢, on martensitic

transformation, however, some relationships can be discussed here.

It 1s known that in the metallic bonding the valence electrons act like ‘glue’,
bonding non-valence electrons and nuclei units together [50,183]; whereas non-
valence electrons contribute to the total atomic volume of the alloy. There are three
types of bonds in NiTi alloys (Ni-Ni, Ti-Ti and Ni-Ti) some of which are replaced by
substitution of the alloying elements. The way the average strengths of these bonds are
influenced by the change of ¢, remains to be clarified. However, one possible
explanation could be the effect of valence electron densities (VED: number of valence

electrons in the unit volume of the crystal). In Table 5.2 the values of VED of selected
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alloys (based on availability of lattice parameters in the literature) in both austenite
and martensite phases are reported along with the ¢, values. In general it is clear that
the trend of VED in both austenite and martensite is similar to that of ¢, as alloys with
higher ¢, show higher VEDs. The general decreasing trend of M, and A temperatures
with increasing VED is illustrated in Figure 5.4 which is to a large extent similar to
variations of M and A with increasing c,. Increasing c, translates into increasing
valence electrons and/or decreasing atomic volume of the alloy due to less number of
non-valence bonds. These in turn, can result in higher VED. On the other hand, an
established relationship between the VED and bulk modulus of metallic materials and
intermetallic compounds is known. Higher VED results in higher bulk and therefore
shear modulus (which is usually approximated by 3/5 of bulk modulus in metals and
alloys) of the alloy [179,180]. Bulk modulus is a measure of resistance of a solid to
volume change and shear modulus is a measure of resistance to shape change
[179,180]. Increasing valence electron concentration or in other words, valence
electron density of the ternary and quaternary NiTi-based alloys therefore is expected
to result in higher elastic and shear moduli. It is thus logical to think that introduction
of a ternary element to NiTi is accompanied by a change in the elastic constant as the
interatomic bonding is affected. The key factor controlling the bonding is the
electronic structure of the alloy.

Table 5.2: Comparison of VED in austenite (VED,) and martensite (VED,,) with ¢,. V, and V,, are the

unit cell volumes of austenite and martensite, respectively. The references related to the source of V,
and V,, are listed.

ela V, Vo VED,  VED, ¢ Ref.
Alloy (e/atom) (A% (A% (e/A%) (e/A)

Ni,sTisoCuas 7.25 28.37 57.08 0.255 0.254 0.285 [37]
NisoTigsTas 7.05 5 55.51 . 0.254 0.255 [14]
NisTis7Tas 7.03 27.68 55.79 0.254 0.252 0.264 [34]
NiyosTig1 sHfo 5 7.03 28.41 57.06 0.246 0.245 0.235 [35]
NisosTisosZr10 6.97 5 56.90 5 0.245 0.260 [11]
Niyo s Tiss sHf sZr7 5 6.97 . 58.08 . 0.240 0.232 [35]
Niyo s Tiss  Hf}s 6.99 29.13 58.25 0.240 0.240 0.215 [35]
Wi Uit 6.97 . 58.57 . 0.238 0.244 [11]
Nigo,8Tiz0,Hb5 6.99 29.74 59.23 0.235 0.236 0.200 [35]
Nigo.sTisosHfoZryg 6.97 - 59.32 s 0.235 0.219 [29]
Ni;oTisoPda0 7.00 s 60.87 s 0.230 0.217 [36]
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Figure 5.4: Variation of M; and 4 with VED of the alloys.

The elastic moduli decrease during cooling and reaches a critical value before
martensitic transformation [11]. If the modulus of elasticity of austenite becomes
larger the cooling should continue to lower temperatures before a critical elastic
constant is reached as a result of pre-martensitic softening of ¢’ and c44, hence M, is
decreased. On the contrary, if the ternary or quaternary alloy has lower elastic bulk
and shear moduli than binary NiTi in austenite phase, the critical elastic constant can

be reached at higher temperatures and M is increased.

A similar trend for A4, is observed as it follows the variation of M, associated
with transformation hysteresis. These may explain why some of the ternary and

quaternary elements lower and some elevate the transformation temperatures.

The clarification of particular softening behavior of the shear moduli (¢’ and
cas) as a result of valence electron variations due to alloying would provide more
understanding on the change of transformation temperatures and transformation routes

in alloys.
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5.3.3 Transformation hysteresis

The temperature hysteresis can have a relatively broad range of values (Table
5.1). At nearly constant e/a=7 (6.97<e,/a<7) and constant atomic percentage of
alloying element (20 at%), the effect of atomic size of the alloying elements seems to
play a role (Figure 5.3). By increasing the size of the alloying elements without
significant change in the number of valence electrons, the hysteresis is increased. Two
energy dissipation processes in the transformation may be addressed that contribute to
the hysteresis. First, energy dissipation related resistance of the interatomic bonds, and
second the atomic re-arrangement and volume change associated with the
transformation. It is possible that higher atomic size of the alloying elements results in
more energy dissipation as volume work during transformation which leads to
increased hysteresis. Variation of the valence electron combined with a change in the

size of the alloying elements adds to the complexity of the phenomenon.

Ortin et al [69] have shown that in thermoelastic martensitic transformation the
heat released or absorbed by specimen is due to a triple contribution: the latent heat of
transformation, the reversibly stored elastic enthalpy and the irreversible work mainly
spent in moving the interfaces. The thermoelastic behaviour is a condition of local
balance between chemical and non-chemical forces. The condition is reached at the
interfaces which are moving at a given temperature, during both the forward and
reverse transformations. Chemical forces arise from the difference in Gibbs free
energy between austenite and martensite, and act as a driving force promoting the
phase with lower energy at each temperature. The chemical forces are a structural
contribution in-the sense that their origin is the different atomic structure of austenite
and martensite. Non-chemical forces can be acknowledged to arise from two main
different contributions. The first one is the need to accommodate the transformational
shape and volume changes. If accommodation takes place elastically; the associated
elastic energy is stored in the specimen during the transformation from austenite to
martensite, and reversibly recovered during the reverse transformation. Elastic
accommodation of the transformational shape and volume changes is a necessary and
sufficient condition for thermoelastic behaviour. The second contribution is the energy
dissipated in the specimen as internal work during the transformation. The internal

work is mainly devoted to overcome frictional barriers opposing interracial motion,
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either during growth or during shrinkage of the martensite plates. This contribution
represents the irreversible part of the non-chemical energies and is responsible for the
thermal hysteresis observed in many thermoelastic transformations. Almost all the
mechanical properties of the interfaces and faces including are directly related to the
atomic and electronic parameters comprising it. These include size, arrangement,
crystal structure, electron density and number of the atoms within the phases and on
the interfaces. Increasing bond resistance by increasing electron density and in many
cases by the change of the crystal structure volume through incorporation of larger
atoms significantly influences the mobility of interfaces and results in a change in the

internal energy dissipate and therefore alters the temperature hysteresis.

5.4 Summary

Dependence of transformation temperatures of NiTi-based shape memory
alloys on the number and concentration of valence electrons are studied. For NiTi-
based alloys, two distinct trends of transformation temperatures with respect to the
number of valence electrons per atom are found depending on whether e,/a =7 or e,/a
# 7. Clear correlations between transformation temperatures and c, exist. M, and A
decrease consistently with increasing c,. The possible influence of alloying elements

atomic size on transformation hysteresis is also introduced.
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Chapter 6

6 Local Atomic Structure of Martensite and
Transformation Temperature in NiTiHf Shape
Memory Alloys

6.1 Introduction

In NiTi shape memory alloys an important aim is to elevate the martensitic
transformation temperature in order to satisfy the high temperature applications of the
shape memory effect, and additionof Pt, Pd, Zr or Hf to NiTi is especially effective [13—
20, 216, 217]. Among the potential high temperature shape memory alloys (SMAs)
those belonging to the ternary NiTiHf alloys are attractive due to their better thermal
stability than NiTi and low cost [218,219]. Apart from the work of Potapov [220], most
of the recent studies on NiTiHf SMAs have been related to processing, shape memory
behavior, microstructure evolution and compositional modification by copper addition
[32, 216-223]. Moreover, these investigations have been focused on Ni-rich alloys in
which Hf is replaced for Ti. Consequently, the interaction of ternary elements such as
Hf in the structure of NiTi, which promotes the change of transformation temperatures,
hysteresis, and shape memory behavior in this group of SMAs requires further
examination. The shape memory effect in these alloys is influenced by the
characteristics of the crystallographic transformation of austenite to martensite. The role
of Hf addition in modifying the martensite crystal structure is presently unclear. The
crystallochemical accommodation behavior of Hf is also of paramount importance for
clarification of the mechanisms by which it alters the shape memory transformation
characteristics of NiTi. Fortuitously, the considerable differences in atomic numbers Hf
(Z=72) with Ti (Z=22) and Ni (Z=28) results in well separated X-ray scattering factors,
which underpin the determination of Hf site preference in NiTi alloys. In the present

work the crystal chemistry of Ni-rich, Ti-rich and equiatomic NiTi shape memory
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alloys containing Hf (5-20 at%) are studied by quantitative X-ray diffraction and the

partitioning of Hf over the crystallographic sites in alloysare determined.

6.2 Results

6.2.1 Trends in unit cell constants

Austenite was present only in low amounts (less than 5 volume percent) in the
specimens containing 5 at% Hf and therefore, was included in the refinement of these
specimens. Figure 6.1 shows typical diffraction profiles of a number of the samples
studied. The focus of this study is on the martensite crystal structure changes, thus only

martensite structure is presented.

The unit cell volumes of the NiTiHf alloys expand with increasing Hf content in
Ni-rich, Ti-rich and equiatomic NiTi alloys (Fig. 6.2a). At constant Hf content, Ti-rich
alloys are dilated with respect to Ni-rich alloys and the equiatomic alloys have the
smallest volumes. Expansion with increasing Hf is almost linear, although the rate is
slightly higher in Ti-rich alloys. At Hf concentrations below 10 at%, Ti-rich and Ni-rich
alloys have similar cell volumes; whereas above this concentration the differences
become more significant. The origin of the changes in volume is clear when the relative
changes in lattice parameters are considered. The variation of ‘c’ and ‘a’ lattice
parameters with hafnium content in all the alloys is similar, increasing linearly with Hf
concentration (Fig. 6.2b and 6.3c). At low Hf concentration the alloys show small
differences in ‘a’ lattice parameter, but considerable extension in the ‘c’ cell edge. The
‘a’ lattice expansion becomes more significant as the Hf content of the alloys increases
(Fig. 6.2c). Behavior of the ‘b’ cell edge is more complex (Fig. 6.2d), decreasing in Ni-
rich alloys, but increasing linearly in Ti-rich alloys with Hf content with the latter
showing smaller ‘b’ parameters compared to the former at Hf contents <15 at%. In
equiatomic alloys ‘b’ lattice parameter expands less significantly and stabilizes around

4.10 A.

91



ATTENTION: The gapore Copyright / 0 of this document. Nanyang Technologjice sity Library
Chapter 6 Local Atomlc Structure of Martensite and Transformation Temperature in NiTiHf

Shape Memory Alloys

1600 |
1600 |
1400 |
1400 f
1200 |
1200 f
1000 |
1000 f I
2 800}
g 800 | g o0 s
g E -
£ 600} = !
400 |
400 !
200 f
200 f I
ok
of !
-200 1 1 1 1 1 1
200 0 20 40 60 80 100 120
0 20 40 60 80 100 120
2 Theta (°)
2 Theta (°)
NisoTi30Hf>0 Ni37sTi37.sHfis
1600 | 1600 |
1400 | 1400 f
1200 | 1200 f
1000 | 1000 f
2 800} 2 800}
! :
£ 600t £ 600
400 400 |
200 f 200 f
OF ok
-200 [ 1 1 1 1 1 1 -200 " 1 " 1 " 1 " 1 " 1 " 1
0 20 40 60 80 100 120 0 20 40 60 80 100 120
2 Theta (°) 2 Theta (°)
Ni45Ti50Hf5 Ni30Ti50Hf20

Figure 6.1: Typical diffraction patterns of NiTiHf shape memory alloys.

The monoclinic angle (b) becomes more obtuse with increasing Hf content (Fig.
6.3). In equiatomic alloys, the rate of change is small (less than 1 degree over 15 at%
difference in Hf content), compared to the Ni-rich and Ti-rich alloys (more than 2
degrees over the same compositional range). The change is most pronounced at Hf
concentrations above 10% in all alloys. At constant Hf compositions, Ti-rich alloys

crystallize with slightly larger b angles compared to Ni-rich alloys (Fig. 6.3).
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Figure 6.2: Variations of (a) unit cell volume, (b) ‘c’ lattice parameter (c) ‘a’ lattice parameter and (d) ‘b’
lattice parameter with Hf content of NiTiHf alloys.
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Figure 6.3: Hf content dependence of monoclinic angle of the crystal structure of B19’

6.2.2 Atomic site displacements

In binary NiTi, the atoms are in general parameters of Ni (0.04 0.25 0.67), and
Ti (0.42 0.25 0.22) in the B19’ crystal structure [200]. The change of these atomic
parameters for Ti and Ni in X, y, and z directions as a result of increasing Hf
concentration of the lattice are reported in Table 6.1. The change in x-parameter of Ni
in equiatomic alloys is small, but becomes slightly more significant in Ni-rich and Ti-

rich alloys when the Hf concentration is 20 at% (Table 6.1).

The trend of the displacement along x-axis in all three groups of the alloys is
similar. The Ni displacement along y-axis is relatively very small in all alloys. The z-
parameter of Ni sites in equiatomic alloys remains almost constant whereas it increases

for Ni-rich and Ti-rich alloys (Table 6.1).

The displacement of Ti sites (0.42) along x-axis with increasing Hf is shown in
Table 6.1. At 20 at% Hf, in equiatomic alloys, the amount of displacement is less than
that observed in Ni-rich and Ti-rich alloys. The y-parameter of Ti sites in all alloys
remains almost constant or changes slightly. In all the alloys the Ti z-parameter

increases in a similar fashion by increasing Hf content.
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Schematic projections of the crystal structures of binary NisTiso, equiatomic,
Ni-rich, and Ti-rich alloys containing 15 at% Hf along y-axis, are illustrated in Fig. 6.4.
The typical relative average positions of Ni site (dark) and Ti site (light) along ‘a’ and
‘c’ lattice parameters with respect to the binary alloy have been indicated. In general it
appears that the displacement of Ni is greater than Ti especially along z-axis, and site
positions experience smaller shifts in equiatomic alloys.

Table 6.1: Refined Atomic parameters (x, y, z) of Ni and Ti sites in Ni-rich, Ti-rich and equiatomic
NiTiHf alloys.
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6.2.3 Hafnium partitioning

The refined Hf site preference and fractional occupancies in the monoclinic
B19’ crystal structures of the alloys are presented in Table 6.2. In Ni-rich specimens Hf

shows an exclusive preference for the Ti sites when Hf content of the alloy <15 at%,

although at the highest Hf content (NisoTi30Hfy) approximately 1/5 of the Ni is

replaced.
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Figure 6.4: Schematic projections of the crystal structures of (a) binary Ni50Ti50, (b) Ni42.5Ti42.5Hf15
(¢) Ni50Ti35Hf15, and (d) Ni35TiS0Hf15 along <010> direction, comparing the typical relative average
positions of Ni site (dark) and Ti site (light) along ‘a’ and ‘c’ lattice parameters with respect to the binary

alloy.

In Ti-rich specimens, Hf replaces only Ni sites at Hf concentration of 10 at%, however
above this some Hf occupies the Ti sites. By increasing the nominal Hf content of the
alloy the fractional occupancy of Hf in Ni site increases; whereas the corresponding
occupancy in Ti site does not increase. The refinement results show that in equiatomic
alloys, Hf occupies both sites approximately equally with increasing Hf content. The

total Hf at%, calculated based on the fractional occupancies of Ti and Ni sites are near
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the nominal values in all the alloys. Determination of Hf site preference and occupancy
in specimens containing only 5 at% Hf was inconclusive due to insufficient electron
difference contrast. For Ti-rich and equiatomic alloys containing 20 at% Hf, the
refinements could not converge to reliable, reproducible values probably due to higher
Ry, values (Table 6.2).

6.3 Discussion

The Rietveld refinements suggest that the B19' (P,;/m) monoclinic crystal
structure can be used to refine the martensite structure of NiTiHf alloys for 5< Hf
at%=<20.

Table 6.2:  Site preference and occupancy of Hf in Ni-rich, Ti-rich and equiatomic NiTiHf alloys.
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Simulated X-ray diffraction patterns showed Rb values of 3.4% to 5.1%. The fits for
Nig00-xy2 Ti(100-x2Hfx equiatomic alloys are slightly less accurate (higher Ry values)
which can be indicative of departure from P2;/m space group especially at Hf content of
15 and 20 at%. For samples containingl0 at% or more of Hf, the presence of only a
monoclinic structure with no evidence of secondary phases confirms a single phase

solid solution.

6.3.2 Valence electrons, bond lengths and lattice dimensions

Increasing Hf concentration in the B19’ structure dilates the unit cell by
expansion of the ‘a’ and ‘c’ lattice parameters and opening the monoclinic angle 3
(Figs. 6.1 and 6.2). The ‘b’ cell edge behaves in a contrary fashion in Ni-rich alloys, but

expands in Ti-rich alloys and to a lesser extent in the equiatomic alloys.

The arrangement of atoms and unit cell volume of an intermetallic crystal is
controlled by bond lengths which in turn are dictated by both the size of the atoms and
the valence electrons of the material [224]. The volume dependence of intermetallic unit
cell dimensions on the size of the constituent atoms has been the subject of several
studies in recent years [224-231]. These efforts have aimed to correlate the cell volume
with the size, binding energy, and atomic radii of the constituent atoms. However, the
complex interaction of the electronic structure of metals in different atomic
environments, especially transition metals where d—d and s—d orbital behavior are not
clearly understood, no general correlations have been found. The number of valence
electron contributions to the atomic environment (s+d electrons), total electrons,
hybridization and even electronegativity can be important factors that may have
determining roles on bond length and unit cell size [224-231]. Preferential partitioning
of Hf to the Ni sites results in a greater expansion in crystal lattice compared to
substitution for Ti, especially at higher Hf concentrations. This can be attributed to a
larger difference in atomic radius of Hf (1.58 A) and Ni (1.29 A) compared to that of Hf
and Ti (1.45 A). While, based on this size effect, at constant Hf, for equiatomic alloys,
unit cell volumes of larger than Ni-rich and smaller than Ti-rich alloys are expected,
lesser expansions observed in equiatomic alloys may reflect near equimolar partitioning

of Hf over the Ni and Ti sites that leads to an enhanced packing density. In order to
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clarify why the equiatomic alloys show a slightly smaller volume, an analysis of

valence electrons and the bond lengths of the atoms of the alloys is useful.

The valence electrons are the electrons in the outermost principal quantum level
of an atom. For transition metals the valence electrons are usually considered as the
number of d and s electrons for an atom. In equiatomic NiTi alloy, the electronic
configurations of Ti and Ni, are, Ti: 1s*2s*2p®3s?3p®4s?3d?, Ni: 1s*2s*2p®3s%3p°4s?3d®,
and the number of valence electrons, (e,), of these elements are e =4, e =10. The

valence electrons per atom of ternary NiTiHf alloys can be calculated based on the

atomic fraction of the elements in the alloy as by Eq. (6.1):

€ _ Ni Ti Hf
;v_fNievl +fTievl +foev (61)

where fvi, fri, and fyr represent the atomic fractions of elements in the alloy for Ni, Ti

. . Hy 3 . :
and Hf, and ¢, ¢ and e, 7 are the corresponding number of valence electrons of Ni,

Ti and Hf, respectively. Since Ti and Hf (-5d’6s”) have identical number of valence
electrons,the replacement of Hf for Ti in the alloys does not affect electron ratio of the
Ni-rich alloys; whereas substitution of Hf for Ni reduces the valence electron
concentration in Ti-rich and equiatomic alloys to <7 depending on the Hf content. Fig.
6.5 shows the change of average refined bond lengths of atomic sites (Ni—Ni, Ti—Ti, and
Ni-Ti), as a function of valence electrons per atomof the alloys for Ti-rich, Nirich, and
equiatomic alloys. These lengths are the average of lengths of Ni site and Ti site with
six nearest neighbors, extracted from the structure refinement. The average length of
Ni—Ni site bonds increases in all the alloys with increasing Hf content (Fig. 6.5a). The
increase of bond length occurs as a result of incorporation of larger Hf into the site in
Ni-rich alloys. No change in the number of valence electrons per atom is resulted. In the
case of Ti-rich and equiatomic alloys the increase of bond is the result of larger size of
the Hf, influenced by the reduction of the valence electrons per atom. The
corresponding Ni—Ni bond length averages in Ti-rich, and Ni-rich alloys are larger than
equiatomic alloys (Fig. 6.5a). The Ti—Ti site average bond length increased in Ni-rich

and Ti-rich alloys with increasing Hf, however,

100



ATTENTION: The

pplies to the use of this

ocument. Nanyang Technological Uni

sity Library

Chapter 6 Local Atomic Structure of Martensite and Transformation Temperature in NiTiHf

Shape Memory Alloys
2.95
200 E — Incr.easm_g Hf
L —Hl— Equiatomic
2.85F —@— Ti-Rich
< 280l ® —A— Ni-Rich
< 5
2275} A
Q@ L
g 2.70 .-
2 265} o
Z i ] T
= 2.60 |
TRV | N
> 255}
E) . ‘\x‘ l
z 250} -
245} g L
240 [ [ 2 [ [ [ [ [ 2 [
5.6 5.8 6.0 6.2 6.4 6.6 6.8 7.0 7.2
ev/a
(a)
29F
g 5
= 28}
[@)]
s } ™~
2 f
S 27F
o]
i—T s -
= 26}
o)
c’ .
c - —» Increasing Hf
g , 5 | —®— Equiatomic
< “°T —e—Ti-Rich
L —4A— Ni-Rich
24 2 [ 2 [ 2 [ [ 2 [ 2 [ 2 [ 2
5.6 5.8 6.0 6.2 6.4 6.6 6.8 7.0 7.2
e/a
\"

(b)

101



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library
Chapter 6 Local Atomic Structure of Martensite and Transformation Temperature in NiTiHf
Shape Memory Alloys

29F — Increasing Hf
L —l— Equiatomic
28 —@— Ti-Rich
T —A— Ni-Rich
2.7F
~—
26}

N
(6]
i
{
> )

Average Ni-Ti bond length (A)

N
N
T

5.8 6.0 6.2 6.4 6.6 6.8 7.0 7.2

o
o

el/a
\Y

(©)

Figure 6.5: Average refined a) Ni-Ni, b) Ti-Ti, and c¢) Ni-Ti bond lengths variations with the number of
valence electrons per atom of Ti-rich, Ni-rich and equiatomic NiTiHf alloys.

with comparatively smaller changes than Ni—-Ni bonds (Fig. 6.5b). In equiatomic alloys
Ti-Ti bond length remains almost constant. The Ni—Ni and Ti—Ti bond lengths changes
follow the variations observed for ‘a’ and ‘c’ lattice dimensional expansion (Fig. 6.2).
By increasing the Hf content, the Ni—Ti bond length remains almost constant for
equiatomic alloys, slightly reduces or remains constant for Ni-rich alloys, and increases
marginally for Ti-rich alloys. It seems that incorporation of Hf, mainly affects the Ni—

Ni and Ti—Ti bond lengths.

A general look at the variation of all the average bond lengths as a function of
e,/a shows an interesting trend as is illustrated in Fig. 6.6. The average bond lengths
decrease with increasing electron per atom ratio in the e,/a range of 5.8 to near 7. At
e,/a=7 (Ni-rich group), however, where s and d orbitals are completely filled a broader
range of the bond lengths is observed. In the equiatomic alloys with an e,/a ratio of 6.7—
6.925, the average bond lengths are in the medium to lower range of the graph therefore
the unit cellvolume is smaller, in Ti-rich alloys where ev/a ratio is lower (5.8-6.7), the

average bond lengths and cell dimensions are of larger dimensions. In Ni-rich alloys
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(ei/a), a broad range of bond lengths is observed (Fig. 6.6). Different bond lengths
translate into different variations along different cell axes and result in the unit cell
volume of Ni-rich alloys to be larger than equiatomic alloys but smaller than Ti-rich

alloys.

6.3.3 Atom displacements

Accommodation of Hf in the monoclinic martensite NiTi takes place by substitution of
Ni and Ti atoms. One can assume that replacements are controlled primarily by the size

mismatch of Hf which is larger than the parent atoms.
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Figure 6.6: General trend of bond lengths dependence on the number of valence electrons per atom in
NiTiHf alloys. All bonds (Ni-Ni, Ti-Ti, Ni-Ti) corresponding to Ti-rich specimens containing 5-20 at%
Hf are shown with (circle). Similarly, the corresponding bonds for Ni-rich alloys are shown with
(triangle), and the bonds for equiatomic alloys are indicated by (square). For Ti-rich and equiatomic
alloys the e,/a values are lower than 7 depending on the Hf content, whereas for Ni-rich alloys this ratio
remains constant at 7 at all Hf compositions. At different compositions, the general picture is that the
bond lengths of Ti-rich alloys are in the high value range. For Ni-rich alloys, the bond lengths show a
wide range from low to high. The equiatomic alloys have bond lengths only in the low to medium range.
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All atoms reside on the general position of space group P2;/m and have the
freedom to be displaced in any direction during Hf incorporation. The displacements
along z are larger which is consistent with greater change of ‘c’ lattice parameter
compared to ‘a’ and ‘b’. The atomic radii of the transition metals are environment
dependant, and electron interactions determine the bond lengths and disposition of
atoms. Moreover, atom displacements from original positions in binary NiTi are larger
for Ni compared to Ti. Similarly, the bond lengths variation for Ni—Ni sites is more than
Ti—Ti sites especially when the e,/a ratio is smaller. When Hf replaces both Ni and Ti,
as in equiatomic alloys, the displacement of atoms is significantly less, in line with
small increase of unit cell volume. In equiatomic alloys, Ni—-Ni, Ti—Ti and Ni—Ti bond
lengths are all comparatively closer to each other than Ni-rich and Ti-rich alloys (Fig.
6.5). Isotropic bonding translates to higher packing density and therefore atoms occupy

a smaller cell.

6.3.4 Hafnium site preference

From the refined Hf site occupancy results (Table 6.2) it can be concluded that
Hf prefers to occupy the available sites in NiTi monoclinic structure as its tendency
towards the Ni and Ti sites at equally available sites (equiatomic alloys) is almost
similar. Bozzolo et al. have reported the absolute site preference of elements in NiTi,
PdTi, and PtTi systems based on atomistic modeling [187,188]. In NiTi the atomistic
modeling predicts an energy gap of 6.21 and 4.26 eV for substitution of Hf in Ni and Ti
sites, respectively [187]. Based on this criterion, the tendency of Hf for Ni and Ti is
near each other with more inclination towards Ni sites. In the present work we have

experimentally shown that Hf preference of Ni and Ti sites are almost similar.

6.3.5 Transformation temperature

The martensite start temperatures (M) of selected NiTiHf alloys are reported in
Table 6.3. As discussed, the addition of Hf to NiTi structure results in changes of bond

lengths, lattice parameters and unit cell volumes. It may also result in reduction of the
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number of valence electrons of the alloys (in equiatomic and Ti-rich alloys). These two
variations cause the valence electron density (VED), the number of valence electrons

per unit cell of the crystal, to change.

Table 6.3: Transformation temperatures and valence electron concentration of selected NiTiHf alloys.

Alloy M, ela ¢
NiTi 60 7.00 0.280
NisoTigHfip 120 7.00 0.233
NisoTissHfis 200 7.00 0215
NigsTigsHfis 215 6.55 0204

NizsTisoHf;s 235 6.10  0.193

The average ratio of valence electrons, c¢,, over total electrons of the alloy (average
number of valence electrons divided by average atomic number of the alloy as
discussed in the previous chapters) also changes. As was shown, the valence electron
density and valence electron concentration (c,) variations follow a similar trend in NiTi-
based shape memory alloys. The values of this parameter for the alloys are reported in
Table 6.3. By increasing the Hf content of the alloy, ¢, is decreased. There is an
established relationship between bulk moduli of the alloys and their valence electron
density or concentration. By increasing the VED or c¢,, the bulk and shear moduli
increases [179,180]. Hence increasing Hf content in Ni-rich alloys which is
accompanied by unit cell expansion (Fig. 6.2) and reduction of ¢, (Table 6.3) results in
the elastic moduli of NiTi crystal to decrease and shear to occur at higher temperatures.
The net result is the elevation of the martensitic transformation temperature (Table 6.3).
For the purpose of comparison, the M; of specimens containing 15at% Hf, in Ni-rich,
equiatomic and Ti-rich condition are reported (Table 6.3). The difference in Ms in these
alloys is similarly related to their slight difference in c¢,. The lower the ¢, the higher the
transformation temperature. A more comprehensive understanding of the dependence of
martensitic transformation temperature on valence electron concentration (density) in

NiTi-based shape memory alloys was introduced in Chapter 5.

105



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library
Chapter 6 Local Atomic Structure of Martensite and Transformation Temperature in NiTiHf
Shape Memory Alloys

6.4 Summary

Local atomic structure investigation of a number of NiTiHf shape memory
alloys are carried out using quanititative X-ray diffraction (XRD). At the same Hf
content, Ti-rich alloys exhibit larger cell volumes than Ni-rich alloys. The equiatomic
alloys show smaller unit cell volumes than Ti-rich and Ni-rich groups possibly due to
more isotropic bonding. The e,/a and ¢, of the alloys influence the atomic bond lengths
and unit cell dimensions. The similar tendency of Hf towards occupancy in Ni and Ti

sites, results in its preference for available sites in the structure.
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Chapter 7

7 Transformation Temperature Changes due to
Second Phase Precipitation in NiTi-Based Shape
Memory Alloys

7.1 Introduction

Control of transformation temperatures of shape memory alloys has been an
important research subject to enhance the reliability and applicability of these functional
materials [4,7,9-11]. Factors influencing the M, temperature are believed to be the
elastic properties of the parent austenite crystal and certain microstructural features such
as precipitates [11,48-49]. The dependence of transformation temperatures on the
number and concentration of valence electrons in the quenched NiTi-based and NiTiHf
shape memory alloys was demonstrated in Chapters 5 and 6. It was shown that in NiTi-
based shape memory alloys the transformation temperature is distinctly related to
whether the number of valence electrons per atom of the alloy is (e,/a) = 7 or (e,/a) #7.
More importantly, it was shown that by increasing the valence electron concentration
(cy) of the as quenched NiTi-based alloys, the transformation temperatures decrease as a
result of higher elastic constants of the crystal which influence the resistance against
shear, responsible for martensitic transformation. Chapter 4 also introduced a similar
dependence of transformation temperatures on the valence electron concentration for
nearly all transition-metal-based shape memory alloys. Increasing valence electron
concentration is closely related to the increase of particular elastic constants of the
parent phase (austenite) which in turn can influence the resistance against shape and
volume change of the crystal [179,180]. The higher the elastic constants of the
austenite; the lower the transformation temperatures, as more pre-martensitic elastic

softening is required by cooling before the transformation occurs.

As reported in a number of studies [11,46,194,232-250], in order to improve the

shape memory and mechanical properties, the alloys are usually aged at an appropriate
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temperature that may give rise to the precipitation of second phases from the
supersaturated matrix. Although the focus of the majority of these studies has been the
shape memory effect, considerable amount of data have been made available on the
change of M; temperature as a result of aging. The temperature alterations are suggested
to be affected by the effect of precipitation hardening and change of the matrix
composition [11]. However, no satisfactory explanation on how the compositional

change of the matrix influences the M, temperature has been offered.

In the present chapter, we further examine the NiTi-based alloys in the as-
quenched and aged conditions. The number and concentration of valence electrons of
the matrix of these alloys before and after aging are compared to understand the
intrinsic effect of precipitation on the transformation temperature. It is shown that the
direction of change of M, temperature mainly inversely follows the electron
concentration of the matrix (which ias altered as a result of precipitation). The extrinsic

effect of the precipitate particles on M; change is also discussed.

7.2 Analysis

7.2.1 Precipitation and change of M;

It has been shown that as a result of aging, of NiTi-based alloys, the martensitic
transformation temperatures can be changed [46,194,232-250]. Tables 7.1 and 7.2 list
the martensitic transformation temperatures of a number of solution-treated, and aged
NiTi-based alloys that experience considerable change of M, temperature (>15°C). The
data are accompanied by the corresponding type of the precipitates formed. These two
groups of alloys are categorized with respect to the direction of the change of M due to

precipitation, which are described as follows.

In the first group, precipitation is accompanied by an increase of M;. In NiTi
[11,239], Ni-rich NiTiHf [245] and NiTiPt [46], precipitation of NisTis, Nis(Ti,Hf)s,
and NiTiPt compounds, respectively, results in a considerable increase of M; (Table
7.1). In contrast, in the second group of NiTi-based alloys, precipitation results in a
decrease of the M, temperature. Precipitation of Ti;Pd from the Niy; gTis; 2Pdy7 alloy

matrix causes the M, to decrease considerably [249]. Similarly, formation of a
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(Ti,Hf),Ni phase leads to a considerable decrease of the M; temperature in NiTiHf
alloys [236] (Table 7.2).

Table 7.1: M, ¢, , e/a, type and/or measured or estimated quantity of the precipitate and the resulting
composition of aged matrix for shape memory alloys in which precipitation leads to a considerable
increase of transformation temperature. The references show the source of transformation temperatures
or/and precipitate quantity.

Matrix ¢y M Precipitate Matrix ¢y M; Ref.
(Quenched)
(e,/a) 0 (Aged) (e,/a) 0
Nisg gTig9 0.281 -20 (~10%)NiyTi3 Nisg 0 Tis0, 0.280 0 [239]
(7.05) (7.00)
Ni50‘30Ti49_20 0.281 -10 (15%)Ti44_10Ni55(90 Ni49_90Ti50(10 0.279 15 [243]
(7.05) (6.99)
NisosTiso 0.281 3 (15%)Ni,Tis Nigo67Tiso 1 0.279 27 [161]
(7.05) (6.98)
NisoTisoHf 0.233 120 (~10%)Niy(Tig gs,Hfy.15)3 Niyg 2 Ti494Hf04 0.230 144 this
study
(7.00) (6.95)
Nisg ¢Tin9 4Hf>g 0.201 ~145 (15%)Niy(Tig gs,Hfy 15)3 Nigg 3Ting Hfs 6 0.191 ~225  [245]
+(T1,Hf),Ni (7.04) +(T1,Hf),Ni (6.96)
NigoTissHf 5 0215 200  (~15%)Nig(TiogsHfo1s)s  NisgsTisasHfice  (0.208) 247  this
study
(7.00) (6.92)
Tiyg 5oNi3) 03Pta0.45 0.201 ~244 Ti39.44Nizg.67Pt21 89 Tige.46Nizg.01Pt24.53 0.192 307 [46]
(TisoNizoPty) (7.09) (7.21)
NisoTisoHfy0 0200 290  (15.6%)Niy(Tioss,Hfo1s)s  NiagsTizoHfy 5 0.195 315  This
study
(7.00) (6.92)
Tis; 58Nip2 35Ptos 49 0.184 ~360 Tige6Nij 67Pt31.74 Tisg 76Niz1.11Pt29.13 0.177 402 [46]
(6.79) (7.01)
Tiy7.79Nizg.79Pt30.79 0.175 ~530 Tizg.16Niz9.46Pt31 38 Tige.53Ni17.79Pt3s 69 0.167 605 [46]
(7.07) (7.20)
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Table 7.2: M, c, , e/a, type and/or measured or estimated quantity of the precipitate and the resulting
composition of aged matrix for shape memory alloys in which precipitation results in a considerable
decrease of transformation temperature. References show the source of transformation temperatures
or/and precipitate quantity.

Matrix [ M; Precipitate Matrix c, M; Ref.

(Quenched)
(e/a)  (°C) (Aged) (ev/a)  (°C)

Niy gTis; 2Pda70 0.232 190 (15%)Ti,Pd Nips ¢Tisg sPdas o 0.238 147 [249]
(6.93) (7.09)

Niyg sTi36 sHf}s 0.213 200 (15%) NiTig¢Hf 4 Niyg 3Tiz7 6Hf 14,1 0.216 170 [246,247]
(6.91) (6.90)

NiyoTi36Hf 5 0.214 179 (15%)(T1,H),Ni Nis; gTiz6sHf 1 7 0.229 127 [236]
(6.94) (7.11)

7.2.2 Little or no change of M,

In a number of alloys (third group), little or no change has been reported after
aging. The available data are presented in Table 7.3. The precipitation of TiCu or
Tio(Cu,N1) in NiTiCu alloys [192,234,237] and (TiNi+Nb)+(Ti,Nb),Ni in NiTiNb
alloys, formation of (Ti,V)Ni+Vo(Ti,Ni) in NiTiV alloys [232], and precipitation of
(Ti,Zr);Ni in NiTiZr alloys [14, 16] lead to little (<15°C) or no variation of the M.
Aging NioTis; alloy has also been reported [238] to show almost no change in the M;
temperature due to the presence of considerable amount of stable Ti,Ni precipitate in

the as-quenched alloy (Table 7.3).

The majority of the transformation temperature data presented here have been
extracted from the relevant literature as listed in tables or presented in graphs. In order
to understand why M, temperature may or may not change after aging, two main areas
need to be considered: first, how the change of matrix composition affects the phase
transformation, and second, what the direct effect of the precipitate can be on this
transformation. For analysis of the former, the variations of the valence electron
concentration of the matrix due to precipitation are presented while for the latter the

effect of coherency strain and defect population are discussed in the following sections.
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Table 7.3: M, ¢, , e/a, type and/or measured or estimated quantity of the precipitate and the resulting
composition of aged matrix, for shape memory alloys in which precipitation leads to little or almost no
change of transformation temperature. References show the source of transformation temperatures or/and
precipitate quantity.

Matrix ¢y M; Precipitate Matrix ¢y M, Ref.

(Quenched) (ei/a)  (°C) (Aged) (e,/a) (°C)

TiasNigsNbyo 0255 40 (TiNi+Nb)+ ~TigNigsNby,  ~0.255  -52 [241]
(6.80) (Ti,Nb),Ni (6.80)

Niso s Tig0.2 0281 20 (10%)Ni, Tis Niso o Tiso.0 0280  -10 [251]
(7.05) (7.00)

Nis, 5Tiss s 0282 20 (10%)Ni Tis Niso.65Tia0 35 0281 -5 [252]
(7.08) (7.04)

Nis7Tis93 0.281 -5 (10%)Ni,Tis Nig9.99Tis0,01 0.280 10 [201]
(7.04) (7.00)

Tig7.25Nisg75Vs ~0.28 19 (Tl,V)le"" Tig6.40Nis50.60V2.01 ~0.28 26 [232]

Vo(Ti,Ni)

(6.97) (7.07)

Ni25Ti50Cu25 0.287 60 (1 1%)T1Cu Ningi50Cu22 0.287 64 [193,232]
(7.25) (1.22)

Ni25Ti50CUQ5 0.287 60 (9%)T1Cu Ni28v4Ti4g_6Cu23 0.288 64 [193,232]

+(7%)Tiy(Cu,Ni)

(7.25) (7.31)

Niz5Ti50Cll25 0.287 60 (9%)T12(CU,N1) Ni25A8Ti43_4CU25‘8 0.289 61 [193,234]
(7.25) (7.35)

Ni49Ti51+ 0.278 81 TIQNI Ni49Ti51+some 0.278 81 [238]

(Ti,Ni)

some(Ti,Ni) (6.94) (6.94)

Ti40_81Ni49_01Zr10_18 0.259 100 (Tl,Zr)le Ti40_g]Ni4g_01Zr10_1g 0.259 100 [235]
(6.94) (6.94)

Nijg.5Ti49.5Pd30,0 0.230 183 (15%)Ti,Ni Nijg3Tis6.4Pd3s3 0.229 ~183 [248]
(7.03) (7.21)

Tis;Pd3Nijg 0.229 ~235 Tigs.72Ni2p 46Pd 12 82 TigesPd347Nig 5 0.229 ~222 [250]
(6.94) (7.19)

Ti26_5Ni4g‘5Zr25 0.229 385 (Ti,Zr)7Ni10 or - ~0.229 385 [233]

(Ti,Zr),Ni; or

(6.91) NiZr 6
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7.2.3 Change of composition and electron concentration of the matrix

Depending on the type of the precipitates, the chemical composition of the
matrix is altered. Change of matrix composition may vary the number and concentration
of valence electrons. The number of valence electron can be calculated based on the
contributions of s+d electrons of the transition metals or s+p electrons of the non-
transition metals. The contribution of each element present in the crystal corresponds to

the atomic fraction of that element in the alloy (Eq. 7.1) :

__sze +sz€ +fre +fQ (Eq. 7.1)

where fi, f1i, and fr and fq represent the atomic fractions of elements in the alloy for Ni,

Ti, ternary and quaternary elements, and e, e/’ e and e are the corresponding

number of valence electrons of Ni, Ti and the ternary and quaternary elements,
respectively. With the valid assumption (in most cases) that quenching avoids
precipitation of second phases from the matrix, valence electron concentration is
defined as the number of valence electrons of the alloy divided by the total electrons of

the alloy (Eq. 7.2),

ev Nl v +lee +fTe +fQ v
c,=—= (Eq. 7.2)
€ fNiZNi+fTiZTi+fTZT+fQ 0

where Zy; Zr;, Zr, and Zp represent the atomic numbers of Ni, Ti, ternary and quaternary
elements, respectively. Upon aging, the second phase precipitation causes the alteration
of the atomic fractions of the elements in the matrix due to the exit of the elements
required for precipitation. Thus, the atomic fraction of the elements in the matrix must
be calculated by knowing the corresponding atomic fractions of the elements and
measurement or an estimation of the weight fraction of the precipitate, according to the

Egs. 7.3-7.11:

my = frAx (x=Ni, Ti, ternary element, quaternary element...) (Eq. 7.3)

1 1
W, = e = (Eq. 7.4)
S My +my A mp+m MAHW
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where m, is the weight of the element x in the alloy formula, f; is its atomic fraction in
the alloy, A, is the corresponding atomic weight of the element, / is the total weight of
the sample, and M ,,, is the molecular weight of the alloy. To calculate the weight of
each element in the matrix after precipitation, the weight of elements that comprise the
precipitate must be deducted from the corresponding w, values. Assuming a weight

fraction of P for the precipitate, and f, as the atomic fraction of element x in the

precipitate, the weight of elements in the precipitate is calculated as follows:
m. = f. Ay (Eq. 7.5)

. P IP
w. =14 e = (Eq. 7.6)

My, +my +my+m, M

Precipitate

where m_ is the weight of the element x in the precipitate formula, w., is its weight in

the precipitate, and M is the molecular weight of the precipitate. Hence, the

Precipitate

weight of element x in the matrix after precipitation, w., is calculated as follows:
wW=w -w (Eq. 7.7)

Substituting for the terms on the right side yields:

W;:IAX( fx fo

Alloy Pr ecipitate

) (Eq.7.8)

The number of moles of element x in the matrix, f.

X

is calculated by Eq. 7.9,

1=t (Eq.7.9)

and the atomic fraction of the element x in the matrix after precipitation, f. is

calculated from Eq. 7.10:

/. [P
I~y )
Alloy Pr ecipitate (Eq.7.10)
fNi +fTi +fT +fQ

fe=
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The corresponding quantities of the precipitates are reported in Tables 7.1-7.3.
Therefore, the aged valence electron concentration of the matrix can be calculated using

Eq. 7.11:

ceNy el flel 4+ £
(€)) agea = fN : ff’ - fT,, . fQ,, ’ (Eq.7.11)
Iy + iy + J12; +fQZQ

where fy., f., frand fé represent the atomic fractions of the elements of the matrix

crystal after precipitation. In some cases, the chemical composition of the matrix before
and after precipitation has been directly reported in the original reference without a
need for measurement of the quantity of second phases formed. In most other cases, the
second phase fractions are measured values, and in very few were estimated at 15wt%

(Tables 7.1-7.3).

Comparisons between the matrix chemical composition and transformation temperature
in solution-treated and aged conditions, together with the precipitates formed during
aging, are presented in Tables 7.1-7.3 for a number of NiTi-based alloys. The data are
accompanied by the calculated ¢, and c,(geq) values based on Eqs. 7.2 and 7.11, the
quantity of the precipitates, and the resulting aged matrix composition. The variation of
M; of as-quenched and aged alloys with the valence electron concentration of the matrix
is illustrated in Figure 7.1. In general, M; temperature decreases with increasing c,.
Figure 7.2 depicts the alteration of M, temperature (AMj) versus the change of valence
electron concentration of the matrix after aging (Ac,). It is evident that when
Acy=cy(aged)-cv~0, the AM=Mq(aged)-Ms, 1s small (<15°C). However, if Ac,>0 then AM<0,
whereas in the cases where Ac,<0, then AM>0 and the absolute value is |[AM>15°C
(Figure 7.2). The absolute value of temperature change increases with increases in the
absolute value of Ac,. Aging can also alter the number of valence electrons (e,/a) of the
matrix. The M, temperature variation versus the change in the number of valence
electrons of the matrix is illustrated in Figure 7.3. It is evident that for the alloys
experiencing no change in c, after aging, the M variation is small regardless of the

value of Ae,/a.
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Figure 7.1: Variation of M;temperature of as-quenched and aged alloys with valence electron
concentration of the matrix.
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Figure 7.2: Influence of variation of valence electron concentration of the matrix after aging on the
change of M, temperature.

The absolute value of temperature change increases with increasing the absolute

value of Ac,. Aging can also alter the number of valence electrons (e,/a) of the matrix.

The M, temperature variation versus the change in the number of valence electrons of
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the matrix is illustrated in Figure 7.3. It is evident that for the alloys experiencing no

change in ¢, after aging, the M, variation is small regardless of the value of Ae,/a.
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Figure 7.3: Influence of variation of the number of valence electron of the matrix after aging on the
change of M, temperature.

7.3 Discussion

As indicated in Table 7.1-7.3, precipitation gives rise to two phenomena: first,
the formation of the precipitate with coherent/incoherent relationship with the matrix,
second, the chemical composition change of the matrix brought about by this formation.

Both phenomena may influence the M, temperature as is discussed in the following.

7.3.1 Matrix (chemical composition, electron concentration and elastic

constants)

The M; temperature is decreased with increasing ¢, in the aged alloys (Figure
7.1). This is consistent with our previously shown Ms-c, correlation for the as-quenced

alloys with M temperatures within the range -100 to 900 °C, part of which is presented
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in Figure 7.1. Based on the data presented in Table 7.1 and 7.2, it is clear that as a result
of precipitation, the change of matrix chemical composition alters the average electron
concentration of the matrix. When ¢, is decreased, M; increases In contrast, when
precipitation leads to an increase of ¢,, M; is decreased (Figure 7.2). Depletion of Ni in
the matrix of NiTiHf and NiTiPt and NiTi alloys dilutes the valence electron
concentration (Table 7.1); whereas the exit of Ti and Pd from the matrix of the NiTiPd
alloy and Ti and Hf from the NiTiHf alloys (Table 7.2) enriches the valence electron
concentration of the matrix. Elastic bulk and shear moduli of transition metals and
intermetallic crystals are dependent on and enhanced by increasing electron
concentration [179,180]. Hence, in NiTi-based alloys an increase of ¢, translates into
strengthening of bonds and therefore an increase of the elastic constants of austenite B2
crystal. It has been shown that in transformation of B2 to B19’ martensite, the
monoclinic shear and basal plane shear moduli, (c44 and ¢’), play very crucial roles [11].
On the other hand, it is known that before the transformation occurs, during cooling a
pre-martensitic softening of B2 lattice takes place until a critical value is reached
[2,48,49]. Hardening of c44 and/or ¢’ necessitates further cooling before transformation
can occur. The net result is the decrease of transformation temperature which applies to
the alloys in the (Table 7.2). In contrast, for NiTi, NiTiHf, and NiTiPt the electron
concentration (c,) is reduced as a result of composition change due to precipitation
(Table 7.2). Reduction of ¢, in the matrix translates to lower shear and bulk moduli of
the B2 crystal. This leads to less resistance of the crystal against shape or volume
change. Consequently less cooling for pre-martensitic softening is required before the

martensitic transformation starts, and thus M is elevated.

In the NiTiCu, NiTiZr, and other alloys listed in Table 7.3, after precipitation,
the ¢, does not change significantly, although the matrix experiences some chemical
composition alteration. It is evident that in these cases the change of M; is considerably
smaller (Table 7.3). This is because the elastic constants which are the measures of

resistance against transformation change insignificantly.

The |AMj| increases by increasing |Ac,| as shown in Figure 7.2. This is indicative
of the occurrence of more change in elastic constants as |Ac,| increases. The AM;-Ac,
correlation in the NiTi-based SMAs is an almost linear relationship (Figure 2) which

can be approximately represented by the Eq. 7.12:
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AM= - 6000 Ac, (Eq. 7.12)

This empirical equation can also show the difference in M of the quenched alloys with
different valence election concentrations. A difference of 1000°C in M, exists between
an alloy having ¢,=0.10 (M=900°C) and another alloy of ¢,=0.27 (M;=-100°C reported
in Chapter 5), which can be estimated satisfactorily by Eq. 7.12. Although the number
of valence electrons of the matrix (e,/a) are changed after precipitation, nonetheless
Figure 7.3 shows that the dominant parameter is Ac, regardless of any positive or
negative Ae,/a.The change in the elastic constants in particular directions (c44 and c’)
may also influence the energetics of B2 phase change phenomenon and lead to the
formation of intermediate phases requiring less strain energy such as B19 and R phase

[11] which is not discussed here.

The discussion above indicates that the direction of variation of transformation
temperature (M) as a result of precipitation in NiTi-based shape memory alloys is
mainly influenced by how the resistance of B2 lattice against transformation is affected
by change of matrix valence electron concentration. An increase of ¢, results in a
decrease in M; and its decrease leads to elevation of the transformation temperature of
aged alloys. This is also a confirmation of the importance of the intrinsic elastic
constants of the matrix in phase transformation which are closely related to electron

concentration of the crystal.

7.3.2 Precipitate (coherency strain energy, amount, and distribution)

In the analysis of variations of M due to precipitation, the extrinsic influence of

precipitates should also be considered as is discussed in this section.

As indicated, in some NiTi-based alloys, second phase precipitation does not
alter the valence electron concentration and therefore the elastic constants of the B2
matrix (Table 7.3). It is logical to think if no change in the matrix elastic constants are
brought about by precipitation, the direct influence of the strain induced by the
precipitate into the matrix can be observed more clearly. This is the case of the alloys
listed in Table 7.3. In these alloys, there is almost no change in matrix valence electron

concentration, and this leads to only little change of M;. Available evidence also
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suggests that the influence of induced strain energy to the B2 lattice, on the
transformation temperature may be less pronounced than that of the change in elastic
properties of the matrix (Tables 7.1-7.3). More detailed work is required to clarify the
effect of coherency. The small but significant variation of the M, temperature is
indicative of the influence of the interaction between precipitate and the matrix.
However, if the number of valence electrons per atom becomes very close to 7, even in
the absence of any change in the valence electron concentration, an elevation of the
transformation may be observed due to specific overlapping occupancy of electrons at
this value. This is consistent with what was reported in earlier chapters. The

Nisg.g0Ti49.20 alloy represents this condition (Table 7.1).

The precipitation of fine particles, when coherent with the matrix, induces
additional energy to affect the relative stability of B2, B19’, or intermediate phases such
as R phase in NiTi-based alloys. This is the coherency strain energy associated with the
lattice distortion during martensitic transformation [11]. During martensitic
transformation B2 is distorted into martensite lattice. However, the precipitates do not
transform and do not follow such a shape change. Hence, strain energy increases, which
is thought to be proportional to the square of transformation strain (1)), E = Kn?% where
K is related to elastic constants and distribution density of the precipitate particles and E
represents the strain energy [11]. It is this additional energy that may also influence the

transformation temperature and/or path.

Intuitively, it can be thought that the extent to which this additional energy is
influential on the phase transformation temperature, is related to the characteristics of
the precipitate such as its level of coherency with the matrix, the difference in its
amount in the as-quenched and aged microstructures, and more importantly the level of
the resistance it imposes against the shape change in matrix crystal in particular

directions.

Higher degrees of coherency should result in an enhanced influence on the
matrix through higher strain energies induced to the lattice. The interesting work of
Rosner et al in the comparison of the coherent and incoherent precipitates confirms this

fact [241].

The amount and distribution of the precipitates are dependent on the degree of

supersaturation of the matrix and the microstructural defect populations [11,23,240].
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Higher degree of supersaturation of the matrix with respect to Ni, Ti or alloying
elements, gives rise to a higher amount of homogeneous distribution of precipitates
during aging. However, when the degree of supersaturation is low, the precipitation
occurs in less quantity and is favored by the presence of defects such as dislocations and
grain boundaries [240]. The outcome is a preferred distribution of precipitates along
these defects [11,239,240]. A unified model for explaining the microstructure evolution
at low and high supersaturation which explains both three-stage and two-stage

transformation behavior of supersaturated NiTi has been presented [11,240].

The change of M; can also be related to the amount of precipitate prior to aging.
Figure 7.4 schematically illustrates the possible scenarios for precipitation when
considering the quantity and type of precipitates before and after aging. Quenched
samples are usually expected to have negligible amount of precipitates which upon
aging produce considerable amount of precipitates (Figure 7.4, Scenario 7.4).
Alternatively, they may include small but significant quantity of precipitates and aging
increases the amount of these precipitates (Figure 7.4, Scenario 2). In some cases the
quenched microstructure includes considerable amount of precipitates which do not
significantly change as a result of aging (Figure 7.4, Scenario 3). It is also possible that
a certain amount of precipitates in the quenched microstructure alter in type, size and
quantity after aging (Figure 7.4, Scenario 4). Therefore, the direct influence of
precipitation due to aging is also dependent on the quantity and type of precipitates in

the quenched microstructures.

Any change in distribution pattern, size, or amount of precipitates can
potentially influence the overall resistance to shape change of matrix crystal and

therefore transformation temperature.

In summary, precipitation may exert both intrinsic and extrinsic effects. Intrinsic
changes to the elastic constants of the matrix seem to cause larger transformation
temperature variations than extrinsic strain energy induced by precipitate particles.
However futher detailed study is required. The intrinsic energy is governed by lattice
dynamics (elastic softening), while the extrinsic energies arise from resistance to lattice

distortion (transformation) by precipitates or dislocations.
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Figure 7.4: Schematic representation of the effect of aging on the type and quantity of precipitates.
Scenario 1 depicts a condition where after quenching negligible amounts of precipitates exist and in the
aged sample large quantity of the precipitate are formed from the supersaturated matrix. Scenario 2
illustrates the presence of some precipitate in the as-quenched samples. Aging increases the quantity of
this precipitate. Scenario 3 shows the presence of large quantity of a precipitate in the as-quenched matrix
which does not change in type or quantity significantly after aging. In Scenario 4 a quenched matrix
having including a precipitate is shown which as a result of aging changes in type, and/or distribution
pattern and/or quantity.

7.4 Summary

For NiTi-based shape memory alloys, the changes of martensite start
temperature (M) as a result of second phase precipitation are studied. The alteration of
M as a result of precipitation is mainly due to the change of electron concentration of
the matrix because of its composition change. The extrinsic effect of the precipitates on
M; 1s also discussed on the basis of their quantity in the as-quenched and aged

microstructures.
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Chapter 8

8 Evolution of Local Atomic Structure and Change of
Transformation Temperature in a Melt-Spun
Ni;sTisgCus  Shape Memory Alloy during
Crystallization

8.1 Introduction

NiTi-based alloys that exhibit a thermoelastic martensitic transformation are
practically the most useful shape memory alloys [195]. Substitution of Cu for Ni in
NiTi lowers the transformation hysteresis [196,252-255]. Crystalline NipsTisoCuys is an
attractive shape memory alloy with a small transformation hysteresis that may prove
especially useful in actuating systems. When the Cu content is high (>10 at %) the bulk
alloy embrittles considerably and workability is reduced which limits its applicability
[253-256]. Melt-spinning is a technique that permits the fabrication of thin amorphous
NiTiCu ribbons of high ductility [252-258], that should be crystallized to exhibit shape
memory properties, with the effect of annealing on microstructure, texture, maretensitic
transformation and shape memory properties of NiTiCu ribbon the subject of many
studies [253-265]. To understand the structure-property relationships it is essential to
know the atomic scale nature of the as-melt-spun ribbon, and the subsequent local
chemical and bond evolution during crystallization. The NiTiCu alloy undergoes a
martensitic transformation with onset around 335 K, and consequently, is in its
martensitic state at room temperature if crystallized, adopting an orthorhombic structure

(B19, Pmmb) [196].

The nature of metallic glasses is of considerable interest from both a
fundamental viewpoint and to regulate functionality [266-268], and amorphous
materials must possess some short-range order at atomic length scales to satisfy the
requirements of chemical bonding. However, the applicability of several proposed
structural models for metallic glasses (MGs) such as (i) Bernal’s dense random packing

of hard spheres [269,270], (ii) the stereochemically defined model, which stipulates that
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nearest neighbors have the same structure as crystalline equivalents of similar
composition [271,272], (iii) the medium-range order (MRO) description [273], and (iv)
the face-centered cubic (f.c.c.) packing of overlapping clusters depiction [274] remain
subjects for debate. Over the last decade, a body of evidence that includes experimental
[275-280] and computational [280-282] investigations supports the existence of
icosahedral atomic structures in some metallic glasses. The important work of Sheng et
al has recently suggested that in general, Kasper polyhedron short range order is the
main underlying topological SRO in MGs [283]. Based on this model, not only can the
important role of the relative size between the solute and solvent atoms in MGs be
validated [274,285,286], but the packing topologies for various coordination numbers
specified [284]. Furthermore, the free volume (FV) has been widely adopted to explain
the thermodynamic and mechanical behaviors of MGs, such as the rate of atomic
diffusion and shear deformation localization, but deeper structural knowledge of MGs
of different alloy systems will be essential to understand their crystallization

mechanisms and properties.

An ideal tool to directly investigate local structures is X-ray absorption
spectroscopy (XAS), with analysis of the extended X-ray absorption fine structure
(EXAFS) providing information about nearest neighbor coordination, bond lengths,
degree of disorder, and the chemistry of surrounding species. In this work, XAS was
used to study the structure of melt-spun NipsTisoCuys and its crystallochemical evolution
in conjuction with thermal analysis through differential scanning calorimetry (DSC).
Specifically, we explore the presence of short range order in a NiysTisoCuys melt-spun

ribbons and the evolution of chemical bonding during annealing.

8.2 Results

8.2.1 XRD

The XRD patterns of the as-prepared NiysTisoCups melt-spun alloy and some of
the annealed samples exhibit a broad peak located at 20~42°, being characteristic of the
amorphicity (Fig. 8.1). Several additional peaks, located at 260=29°, 38°, 40°, 42°, 45°,

60°, and 65°, were detected after annealing for 1, 3, 5 and 10 minutes which can be

123



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library
Chapter 8 Evolution of Local Atomic Structure and Change of Transformation Temperature in a

Melt-Spun Ni,;Tis0Cu,s Shape Memory Alloy during Crystallization

indexed by a B19 (Pmmb) martensite phase. The emergence of peaks even at 1 min at
500°C annealing indicates a short incubation and fast crystallization. For the longest

annealing (5 and 10-min) narrow Bragg reflections indicate substantial or complete

crystallization of the alloy.
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Figure 8.1: XRD patterns of NiysTisoCu,s of melt-spun ribbon, and annealed samples for 1, 3, 5 and 10
minutes.

8.2.2 DSC

Differential scanning calorimetry (DSC) shows the crystallization onset is near
500°C when the heating rate is high (200°C/min) (Fig. 8.2a). During isothermal heating
at 500°C, it is evident that prior to the sharp exothermic peak, a weak and diffuse
exothermic peak (as indicated) is observed prior to attaining the hold temperature (Fig.
8.2b). This diffuse peak spans from nearly 1 min before reaching the isothermal
temperature and terminates immediately before the evolution of the sharp crystallization
peak around 1 minute into isothermal annealing, that is complete after 3-4 min (Fig.
8.2b). The melt-spun sample contains a very small quantity of a crystalline phase which

exhibits reversible martensitic transformation. The corresponding enthalpy, in
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comparison to the fully crystalline ribbon, suggests the presence of around 1-2%
crystalline material in the as-spun sample (Fig. 8.3). Figure 8.4(a-b) shows the DSC
cooling and heating curves of the martensitic transformation of the as-spun and
annealed ribbon, respectively. The martensite start temperature (M) of the small
amount of crystalline phase in this ribbon (52°C) rises with increasing annealing time
and stabilizes around 63°C in fully crystalline sample (Fig 8.3, 8.4). The presence of
shoulders on the martensite and reverse transformation peaks or even emergence of
small separate peaks at intermediate annealing times is clearly observed (Fig. 8.4). As
the annealing time for crystallization increases the amount of transformation heat
released or absorbed increases, whereas the transformation hysteresis (4,-M,) of the

ribbon decreases and stabilizes around 5°C after full crystallization (Fig. 8.4).

8.2.3 EXAFS

A direct comparison between the X-ray absorption fine structure (XAFS) data in
wave vector (k) space for the as-prepared material and the samples treated for < 5 min
shows small changes, while the longer annealing (> 10 min) yields more significant
spectral changes for all K-edge spectra (Fig. 8.5). The Fourier transforms (FT) of the K
x(k) data of Ni, Ti and Cu K-edge show clear structural differences as a function of
annealing time (Fig.8.6). It is clear that these changes are much more pronounced for
the Ti-K and the Cu-K edges compared to the Ni-K edge. The structural data obtained
by fitting the first coordination shell are presented in Table 8.1 for the three elements.
The interatomic distances either increase or are essentially constant following
crystallization, where the overall coordination numbers increased. During isothermal
annealing the relative fraction of Cu-Cu and Ti-Ti bonds in the ribbon initially increases
(up to 3 min annealing) and is then reduces considerably by further annealing (10 min),
whereas the Ni-Ni bond fraction progressively grows during crystallization. The R-
space fitting of Cu edge data of as-prepared and 10 min treated (crystallized) samples

show enhancement of Ti-Cu and suppression of Cu-Cu bond intensities (Fig. 8.7).
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Figure 8.2: (a) DSC curve of as-melt spun Ni,sTis¢Cu,s ribbon measured at a constant heating rate of
200°C /min and (b) the isothermal DSC curves of the as-spun NiysTisoCu,s ribbon measured at isothermal
annealing temperature of 500°C.
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Figure 8.3: Thermoelastic martensitic transformation in the as-spun ribbon.

8.3 Discussion

8.3.1 Local atomic structure of the amorphous ribbon

Kasper polyhedron can describe the main underlying topological SRO in MGs
[284]. In the as-prepared NiysTisoCu,s ribbon, the atoms show coordination numbers of
~10 for Ti, and ~12 for Cu and Ni atoms (Table 8.1).The similarity of bond lengths for
Cu-Ti and Cu-Cu, and also Ni-Ti and Ni-Ni (Table 8.1) is indicative of a rather uniform
local structure around Ni and Cu atoms in the as-prepared ribbon. For Ti atoms,
evidence of segregation (between two phases) can be observed as the Ti-Ti interatomic
distance is considerably larger than Ti-Ni in the as-prepared sample (2.88 vs. 2.55A).
The role of the relative size between the solute and solvent atoms in MGs has been

validated [273,285,286] and the packing topologies for various coordination numbers
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Figure 8.4: Thermal analysis of martensitic transformation
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Figure 8.5: XAFS spectra at the Ti, Ni and Cu K-edges of NiysTisoCu,s ribbon, showing the differences
due to changes of structural environment of the amorphous and annealed samples.
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Figure 8.6: Fourier transforms of & y(k) of (a) Ti K-edge, (b) Ni K-edge, and (c) Cu K-edge for
Ni,5Ti50Cuys Phase shift was not corrected.
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Figure 8.7: Experimental and the fit to the first shell of Cu K-edge FT at the amorphous and 10 min
annealed states by employing two coordinations, Cu-Cu and Cu-Ti.

specified [284]. In this system, Ti is the solvent, Ni and Cu are the solutes, the effective
atomic size ratios between the solutes and the solvent are R*NizO.SS- R*cUzO.87 and the
interatomic distances of Ni-Ti and Cu-Ti are distinct from Ti-Ti (Table 8.1). Hence, the
presence of two dominant types of Kasper polyhedra or distorted polyhedral clusters
[284], centered with the solute species i.e Ni and Cu, could be deduced, with majority

of polyhedra shell atoms being Ti.

The dense random packing model has proven to be inadequate to describe the
atomic structures of real multi-component amorphous alloys [284,287,288]. Based on
the theory of Turnbull and Cohen [289] and the concept of Egami et al. [290] the free
volume (FV) around an atom originates from the breaking bonds between an atom and
its neighbors. The overall coordination number of all species in as-prepared ribbon
increases to some extent during annealing (Table 8.1). It has been shown that
statistically, FV decreases with increasing coordination number of the atoms [284].

Moreover, the diffuse peak that appears before the main crystallization peak in the
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Table 8.1: Structural parameters N (coordination number), R (interatomic distance), ¢ (relative
displacement of atoms) and relative fraction of homo- and hetero-bonds, obtained from Ni, Ti, and Cu K-
edge spectra analyzed by the EXAFS technique for as-prepared Ni,ysTisoCu,s glassy alloy and the samples
annealed at 773 K for 1, 3, 5 and 10 min.
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Ni edge
Annealing ~ Number of R(A)+£0.02 N+1 6*(A) £ 0.002 Relative
time Shells ratio*
Ni-Ti  Ni-Ni Ni-Ti  Ni-Ni Ni-Ti  Ni-Ni
0 min 2 2.53 2.45 7.8 4.6 0.015 0.008 0.33
1 min 2 2.54 2.45 7.6 5.9 0.016 0.010 0.42
3 min 2 2.54 2.45 7.4 4.9 0.015 0.010 0.42
5 min 2 2.53 2.46 8.1 4.7 0.017 0.010 0.40
10 min 2 2.60 2.47 9.9 4.4 0.022 0.006 0.47

*The relative fraction indicates the fractions of the homo-bonds such as Ti-Ti, Cu-Cu and Ni-Ni. The
relative ratios of the hetero-bond are (1 - corresponding value of the fraction of the homo-bond for each
element).

isothermal DSC curve of crystallization at 500°C (Fig. 1) is a consequence of a

structural relaxation that occurs to lower the energy of the alloy system [254,291,292].

Structural relaxation has been associated with the annihilation of the free volume (FV)
which is characterized by a wide and diffuse exothermal peak in the DSC curve (Fig.
8.1). Tong et al have previously explained this phenomenon in the same alloy ribbon
[195]. The excess energy available from a higher internal stress field associated with the
free-volume provides additional driving force for crystallization [195]. These two
evidences confirm the reduction of FV in NiysTisoCuys as a result of crystallization and
support the idea that the structure of as-prepared samples initially includes some free

volume in addition to ordered structures.
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8.3.2 Crystallization

Using calorimetric data (Fig. 8.8) the change of enthalpy in the martensitic
transformation as a function of annealing time for the ribbons can be determined. As
crystallization is fast at 500°C, the transformation enthalpy is considerable (3.54 J/g)
even after 1 min annealing. Upon further annealing the enthalpy increases and
approaches 7.01 J/g, indicating that about 50% of the material crystallizes within the
first minute while the remaining volume orders more slowly prolonged ribbon
annealing does not change the martensitic transformation enthalpy as reported recently
by the Chang et al. [254]. The emergence and development of characteristic diffraction
reflections corresponding to B19 martensite after 1 min annealing (Fig. 8.1) is
consistent with the measured enthalpy that suggests partial crystallization and the
coexistence of amorphous phase that exhibits a broad maximum. The characteristic
crystalline peaks develop after 3 min annealing, leading to sharp and narrow Bragg
reflections indicative of complete alloy crystallization after 10 min at 500°C (Fig. 1).
Changes of all the K-edge absorption spectra confirm that crystallization becomes more
significant with increasing annealing times (Fig. 8.5,8.6). The structural data obtained
by fitting the first coordination shell for the three elements (Table 8.1) show that the
local atomic structures in the as-prepared alloy are substantially altered by
crystallization and include variations in interatomic distances, coordination numbers,
and relative percentages of each pair component (Table 8.1). Although the structural
(phase) change from amorphous to crystalline proceeds rapidly within the first 3 min of
annealing (around 90% crystallized), changes in local atomic structure continue to the
end of the annealing period (10 min), as the relative ratioes of each bond pair
component and/or coordination numbers change considerably (Table 8.1). While there
is some error for relative pair ratio due to multiple parameter correction, it is evident
that the Ni-K edge is little altered, but Ti and Cu undergo significant changes after 10
min annealing. Hence, during crystallization, the local structures of Ni changes slightly,
whereas those of Ti and Cu are modified to a remarkable extent. Ti tends to neighbor
with Ni and Cu as the Ti-Ni, Ti-Cu, and Ni-Ti fractions increase, consistent with the
preferential formation of stable Ni-Ti bonds during crystallization. Ni prefers to
associate with Ni or Cu as crystallization proceeds (Table 8.1). It is important to note
that at intermediate annealing times, the relative abundance of Cu-Cu and Ti-Ti bonds

increases up to 3 minutes, then subsequently decreases with the formation of hetero-
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bonds. To explain the enhancement of homo-bonds of Cu and Ti at initial and

intermediate annealing times, the recent finding of Chang et al [254] are instructive.
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Figure 8.8: Change of transformation hysteresis of the crystalline phase of the ribbon by annealing

Semi-quantitative electron dispersive spectroscopy (EDS) shows the formation of Ti-
rich and Cu-poor crystalline grains from early to intermediate crystallization times that
by mass balance implies that the remaining amorphous phase is enriched in Cu and Ti-
poor [254]. This interpretation is consistent with the bond evolution results of the
current study. Figure 8.9 illustrates the variations of the relative homo-bonds fractions
with respect to the hetero-bonds versus the annealing time. It is clear that the fractions
of homo-bonds increase by annealing for up to 3 min, especially for Cu and Ti. As the
formation of a Cu-rich amorphous phase increases the fraction of Cu-Cu bonds and
crystallization of Ti-rich grains enhances the fraction of Ti-Ti bond. The emergence of
shoulder-like features or separate peaks on the martensitic transformation DSC curves
of the materials annealed for (1-5 min) (Fig 8.4), together with the change of
transformation temperatures (Fig. 8.4), support the formation of martensite crystals of
discrete chemical composition. Crystallization is substantially complete within the first
4 min with around 90% progress in the three minute. However, as is evident from Fig.
8.9, bond evolution continues for longer annealing times and is mainly related to

formation of more Cu and Ti hetero-bonds (Fig. 8.9) that reduces the chemical
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inhomogeniety by diffusion. The introduction of 25 at% Cu in NiTi crystals through
replacement of Ni reduces the transformation hysteresis to around 5°C. Because crystals
formed in the initial stages of crystallization are Cu-poor they exhibit a thermoelastic
martensitic transformation with high hysteresis (>5°C) (Fig. 8.8). Increasing the
annealing time lead to further diffusion of Cu into the crystallites and the transformation
hysteresis is considerably reduced (Fig. 8.8), which confirms the decrease of the

inhomogeniety of elements especially Cu and Ti in the microstructure.

Further annealing (10 min) considerably enhances the formation of Ti and Cu
hetero-bonds indicative of the formation of TiCu clusters that cannot be detected by
XRD. Cu K-edge FT reveals the formation of a long bond length component (Fig. 8.6),
and Ti K-edge FT and fitting reveals that Ti tends to neighbor with Cu or Ni.
Precipitation of the stable Ti(Cu, Ni) phase in the ribbon as a result of annealing has

been indicated in several studies including the work of Tong et al [234].
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Figure 8.9: Bond evolution in NiysTisgCu,s ribbon during crystallization annealing.

By further annealing (10 min.) considerable reduction of relative fractions of

Cu, and Ti homo-bonds which indicates the formation of Ti and Cu hetero-bonds can be
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indicative of the formation of Ti Cu clusters, not detectable by XRD. From Cu K-edge
FT, the formation of a long bond length component is evident (Fig. 8.6), moreover, Ti
K-edge FT and fitting results indicate that at 10 min annealing, Ti tends to neighbor
with Cu or Cu. Precipitation of the stable Ti(Cu, Ni) phase in the ribbon as a result of

annealing has been indicated in several studies including the work of Tong et al [234].

In summary, crystallization of the NiysTisoCuys ribbon is preceded by structural
relaxation, that gives rise to segregation of Cu and Ti, and is followed by chemical
homogenization of elements in the microstructure and formation of Ti(Cu,Ni)

precipitates.

8.4 Summary

The local atomic environment of an amorphous Ni;sTisoCuys met-spun ribbon
and bond evolution during its crystallization were studied as an example of the change
of local chemistry and its effect on transformation temperature of the alloy, by extended
x-ray absorption fine structure (EXAFS) spectroscopy and differential scanning
calorimetry (DSC). In the amorphous alloy the interatomic distances of Ni-T1 and Cu-Ti
are distinct from Ti-Ti and can be indicative of the formation of two types of dominant
polyhedra or distorted polyhedral clusters centered with Ni and Cu, with majority of
shell atoms being Ti. The overall increase of the coordination numbers of Ni, Ti, and Cu
by crystallization and an evidence for structural relaxation suggest the melt-spun alloy
ribbon contains a combination of ordered structures and free volume prior to the heat
treatment. Crystallization continues by a short-range Ti and Cu diffusion dominated
process, as the near-neighbor structures of Ti and Cu change considerably more than Ni
during annealing to homogenize the microstructure followed by possible precipitation
of a TiCu compound. The segregation of Cu and Ti results in the change of chemical
composition of the crystalline phase and brings about the varaiation of transformation

temperature of the alloy during crystallization.

137



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library
Chapter 9 Conclusions

Chapter 9

9 Conclusions

Shape memory alloys, chemical composition and transformation temperatures

The main correlations shown in this work introduce the most influencing factors,
i.e. e/a and c,, and antiferromagnetic effect of Mn, responsible for the changes of
transformation temperatures in transition metal shape memory alloys. Shape memory
alloys can be divided into low (e,/a<5), medium (5<e,/a<7.50), and high (e,/a>7.50)
electron groups with majority of the alloys in these groups following a relatively similar
tendency of transformation temperature change. The valence electron concentration (c,)
is found to be an important parameter influencing the transformation temperatures for
the majority of the shape memory alloys (main trend). M; and A4 both decrease with
increasing ¢, from 0.10 to around 0.27, remain almost constant beyond that and start to
increase beyond 0.34-0.35. Increasing ¢, translate into increasing elastic moduli of the
alloys which explains the transformation at lower temperatures. Three minor groups of
alloys deviate from the main trend, 1) NiMnX (X=Ga, In, Al) Heusler alloys containing
high Mn content (Mn> 30 at.%) show higher transformation temperatures most likely
due to anti-ferromagnetism effect of this element and the consequent reduction of
elastic properties, 2) high valence electron alloys having low or medium c, as a result of
sufficient bonding provided by high number of valence electrons, and 3) low valence
electron alloys with lower transformation temperatures possibly due to electron

occupancy behavior of the d orbital.

NiTi-based shape memory alloys, chemical composition and transformation
temperatures

The way the transformation temperatures of the alloys changes is distinctly
related to whether their number of valence electrons per atom e,/a = 7 or e,/Ja # 7. The
valence electron concentration, c,, is found to be an important parameter influencing the

transformation temperatures. M; decreases with increasing c,; whereas A5 decreases with
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increasing ¢, when ¢,< 0.27, and increases with ¢, beyond this value. Transformation
hysteresis is influenced considerably by the number of electrons per atom, (e,/a), the d-d
band electron occupancy, and atomic size of the alloying elements. The proposed
correlations introduce probably the most influencing factors, i.e. eJ/a and ¢,
responsible for the changes of transformation temperatures in NiTi-based ternary and

quaternary alloys.

NiTi-based shape memory alloys, precipitation and transformation temperatures
The relationship between electron concentration and elastic properties was used
to explain the change of M, temperature as a result of second phase precipitation in aged

NiTi-based shape memory alloys. The following conclusions can be drawn:

The M, temperature of NiTi-based SMAs changes as a result of the change of
valence electron concentration of the B2 matrix due to second phase precipitation. The
direction of the change in M, is mainly related to how the valence electron
concentration of the matrix changes. Increase of ¢, results in a decrease of
transformation temperature and vice versa. The change in the transformation
temperature (|AM|) increases with increasing absolute value of change of valence

electron concentration|Ac,)|.

If precipitation does not change the average valence electron concentration of
the matrix significantly, the slight transformation temperature change might be related
to the extrinsic coherency energy induced by the precipitates particles. Futher work is

required for clarification.

NiTiHf shape memory alloys, local structure and transformation temperatures

As a result of Hf addition to NiTi structure, the ‘@’ and ‘c’ lattice parameters,
monoclinic angle (B), and unit cell volume increase; whereas ‘b’ contracts in Ni-rich
alloys and expands in Ti-rich and equiatomic alloys. The average Ni-Ni, Ti-Ti and Ni-
Ti site bond lengths in NiTiHf alloys decrease by increasing the valence electrons per
atom ratio (e,/a) of the alloy when e,/a#7 (Ti-rich and equiatomic alloys). At e,/Ja=7 (Ni-

rich alloys), increasing Hf content results in expansion of Ni-Ni and Ti-Ti site bonds
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and contraction of Ni-Ti site bonds. Unit cell variations are influenced not only by the
atomic radius of Hf but also by changes to the electronic structure of the alloy. In the
present study it was found that at constant Hf content the unit cell volume could be
ranked as Ti-rich>Ni-rich>equiatomic alloys. The partitioning of Hf across the Ni and
Ti sites is similar, with a slight preference for the latter in line with the atomic radii
considerations. The transformation temperatures of these alloys increase by reduction of

valence electron concentration of the alloys.

NizsTisoCuzs melt-spun shape memory alloy, local atomic structure

The local atomic structures of Ti, Ni, and Cu in amorphous melt-spun
NiysTisoCuys alloy and annealed crystalline samples were probed by Ti, Ni, and Cu, K-
edge EXAFS and DSC measurements. The formation of local coordination polyhedra is
a manifestation of short range order in the amorphous alloy. From the thermal evidence
for structural relaxation and an increase of overall coordination number of atomic
species after annealing it is deduced that the alloy ribbons are composed of ordered
structure and free volume prior to the heat treatment. After short and intermediate
annealing times chemical inhomogeneity influences the overall bond evolution and
enhances the frequency of Ti-Ti and Cu-Cu homo-bonds. This results in the formation
of Ti-poor crystals and Cu enrichment of the remaining amorphous phase.
Crystallization is rapid and the evolution of short range order during annealing arises
mainly from variations of Ti and Cu local atomic structures as diffusion leads to
homogenization of the microstructure. The structural relaxation, crystallization and
chemical homogenization is followed by TiCu phase precipitation that results in a

considerable increase of Ti, Cu hetero-bonds in the later stages of annealing.
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Original Contributions to Knowledge

1. In an original work, the relation between the transformation temperatures and
valence electron concentration of the alloys is introduced and explained for the
first time.

2. The influence of the number of valence electrons on the transformation
temperatures in shape memory alloys in general and for NiTi-based
intermetallics was shown by categorization of the alloys based on this
parameter.

3. The intrinsic effect of precipitation in NiTi-based shape memory alloys was
shown by the analysis of the change of electron concentration of the matrix of
the alloys.For the first time the dependence of the direction of the alteration of
transformation temperature as a result of aging was shown.

4. The crystal chemistry and local atomic structure of NiTiHf alloys were analyzed
for the first time. The site occupancy of Hf in NiTi lattice was also
experimentally determined and its influence of the transformation temperature
was shown.

5. The local atomic structure and bond evolution of a melt-spun NiysTisoCu,s shape

memory alloy during crystallization were shown for the first time.
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Recommendations for Future Work

Based on the knowledge achieved in this work, measurements of specific elastic
constants of the shape memory alloys at temperatures before the corresponding

martensitic transformation start temperatures are recommended.

Detailed study on the effect of Mn antiferroganetism on the elastic constants of the
shape memory alloys and its effect of the transformation temperatures are

recommended.

The influence crystal structure of austenite and martensite on the transformation

temperature is an important area which needs to be studied in detail.

Since valence electron occupancy of the orbitals is an important factor in
determining the elastic properties of the transition metal crystals a thorough study

(first principle calculation study) is required.
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