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Ni-Ti based shape memory alloys (SMAs) have found widespread use in the

last 70 years but improving their functional stability remains a key quest for more

robust and advanced applications. Named for their ability to retain their shape

via a reversible martensitic phase transformation (PT), they are sensitive to com-

positional variations. Tuning the SMA lattice parameters, transformation temper-

ature and thermal hysteresis (∆T) by alloying with ternary and quaternary ele-

ments, therefore, is a challenging materials exploration effort. Combinatorial ma-

terials science streamlines synthesis, characterization and data management pro-

cesses from multiple high-throughput techniques. In this dissertation, composition

spreads of Ni-Ti-X (X = Co, Hf, Pd, V) and Ni-Ti-Cu-Y (where Y = Co, Fe, Pd,

V) thin film libraries were synthesized by magnetron co-sputtering to probe a sub-

stantial composition space with different stoichiometries under identical conditions.

Composition-dependent PT temperature, microstructure and thermal conductivity



were investigated using high-throughput wavelength dispersive spectroscopy (WDS),

temperature-dependent resistance R(T), synchrotron x-ray diffraction (XRD) and

scanning hot probe (SHP) microscopy measurements.

Through case studies of ternary Ni-Ti-Co and quaternary Ni-Ti-Cu-V sys-

tems, I discuss phase determination and how functional properties correlate with

composition and local microstructure using composition-structure-property maps.

In the Ni-Ti-Co library, a new, expanded composition space having PT with small

thermal hysteresis and c(Co) >10 at.% was identified. Of the 177 compositions, 31

had stable PT with near-zero ∆T in four. Elemental range for SMA compositions

was 25.8 at.% < c(Ni) < 70.5 at.%, 21.4 at.% < c(Ti) < 64.3 at.%, and 5.5 at.%

< c(Co) < 26.4 at.%. Crystallographic evidence points to a cubic Pm3m structure

present as single or mixed with hexagonal or orthorhombic structures for all these

compositions.

In the Ni-Ti-Cu-V library, PT was observed in 32 compositions (21.3 at.% <

c(Ni) < 30.9 at.%, 49.4 at.% < c(Ti) < 57.5 at.%, 13.8 at.% < c(Cu) < 21.6 at.% and

4.1 at.% < c(V) < 6.2 at.%), predominantly in the Ti-rich region, with zero or near-

zero ∆T in five. Increasing V up to 6 at.% stabilized the mixture of transforming

cubic and tetragonal phases. These newly identified composition regions provide

flexibility in and expand the operating temperature window for their application in

different technologies.

Lastly, a novel application of SMAs as phase change materials is briefly inves-

tigated through high-throughput determination of their thermal conductivity using



scanning hot probe microscopy. Binary, ternary and quaternary thin film libraries

of Ni-Ti, Ni-Ti-V and Ni-Ti-Cu-V were evaluated as a benchmarking exercise.
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Chapter 1: Introduction

New and more e�cient cooling technologies are needed to reduce building en-

ergy consumption and environmental impact. Residential and commercial buildings

currently account for 70% of the nation's electricity use and 40% of our CO2 emis-

sions each year, 5% of which comes directly from air conditioning [14,15]. Moreover,

typical refrigerants used in cooling devices are potent greenhouse gases (GHGs) that

have 1000 to 9000 times the capacity to warm the atmosphere than CO2, thereby

contributing to global climate change; their replacement is akin to taking 629 mil-

lion cars o� the road [16]. Due to the essential nature of refrigeration and cooling in

modern civilization, research into the development of new cooling technologies based

on caloric materials has risen signi�cantly. A recent report by the US Department

of Energy has recognized elastocaloric cooling (EC), also known as thermoelastic

cooling, as a promising alternative to state-of-the-art vapor compression cooling

system { it has a high temperature change that can be achieved over a wide work-

ing temperature range, and an excellent coe�cient of performance (COP, 6.0 vs 3.2

for baseline vapor-compression systems) [17].
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1.1 Introduction to Shape Memory Alloys (SMAs)

Solid materials can exhibit caloric e�ects when a change in the entropy and/or

temperature of a material occurs when subjected to a sudden change in an external

�eld [18, 19]. The EC is an application of the shape memory e�ect (SME) { also

known as superelastic e�ect (SE) { and elastocaloric e�ect (eCE) present in shape

memory alloys (SMAs). The earliest SMA was discovered in 1932 by Arne Olander

while the term, \shape memory" was described by the Vernon brothers in 1941 for

their polymeric dental material [20,21]. SMAs are named as such due to their ability

to return to their original shape after being subjected to an external �eld. They

are produced by a process of memorization between two phases that are magnetic

�eld-, electric �eld-, temperature-, pressure- or mechanical deformation-dependent

and can withstand large transformation stresses and strains [18,19]. The SME and

eCE are a result of a reversible, solid to solid, �rst order, di�usion-less martensitic

phase transformation (PT) between two phases having three crystal structures { a

high temperature, high symmetry cubic phase called austenite or B2 and low tem-

perature, low symmetry martensitic phase present as twinned or detwinned variants

called B19' [22]. Shape memory e�ect is associated with a temperature induced

transformation whereas the superelastic e�ect only needs to overcome a critical

stress threshold to be induced [18]. The associated crystallographic shearing de-

formation, discussed in Sec. 1.2, has a latent heat associated with it that can be

harnessed for heating and cooling applications [1].
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SMAs o�er several advantages { the force and displacement per unit volume of

thin �lm (actuation output) is greater than other microactuation mechanisms, rapid

actuation, a narrow temperature hysteresis which translates to greater transforma-

tion e�ciency, corrosion resistance, bio-compatibility, and a cleaner alternative to

GHGs [23,24]. While thermal e�ects in copper (Cu)-based SMAs were reported as

early as 1980 [25, 26], elastocaloric cooling using CuZnAl shape memory alloy was

�rst proposed by Bonnot in 2008 [27, 28]. However, one of the most commercially

relevant SMAs is nitinol { an equiatomic alloy of nickel (Ni) and titanium (Ti). It

was �rst discovered at the Naval Ordinance Laboratory (NOL) in 1962 by William

Buehler and Frederick Wang who named it NiTiNOL [1,29,30]. With a temperature

change of �T = 20-40 K, nitinol has the largest eCE of all SMAs and is used as

a benchmark material with the following characteristics: high latent heat (20 J/g),

average transitional stress (700 MPa), long fatigue life (> 360,000 cycles), and low

hysteresis (1 J/g) for an e�cient transformation process to reduce loss [22,31,32]. As

a result, in addition to the development of novel solid-state refrigerants and cooling

systems based on EC [27, 33], NiTi based SMAs have found applications in a wide

range of �elds { from aerospace [34,35] and automotive [36] to biomedical therapy

in orthodontics and stents [37{47] to even clothing [48].

E�orts are, thus, underway to develop materials having greater property speci-

�city including reducing the high cost of commercial NiTi [18]. Overall performance

of SMAs is de�ned by operating temperature, mechanical work, material/operational

life (structural/functional fatigue) and energy e�ciency/dissipation [49]. Two prop-

erties of interest and importance in SMAs as related to this thesis work are transfor-
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mation temperature and thermal hysteresis, both of which are expanded on in the

following sections. The thermodynamic parameters and characteristic transforma-

tion temperatures can be altered by variation in both the elements and their propor-

tion in the composition of the alloy [50,51]. Common metallic SMAs are based on

Cu, Fe, and NiTi, of which NiTi-based SMAs were chosen due to commercial avail-

ability, easy synthesis, and relatively low cost of production. Ternary Ni-Ti-X (X =

Co, Hf, Pd, V) and quaternary Ni-Ti-Cu-Y (Y = Co, Fe, Pd, V) were produced by

magnetron co-sputtering and characterized using high throughput techniques. The

third and fourth elements were chosen to reduce the transformation temperature of

the alloy to around room temperature whereas copper (Cu) was used in quaternary

alloys to reduce the critical stress needed to induce transformation [1, 52]. More

details to follow.

1.2 Phase Transformation of NiTi SMAs

The two phases an SMA transforms between are essentially made up of three

di�erent crystal structures: high temperature and high symmetry austenite (B2),

low temperature and low symmetry martensite (B19') in twinned and detwinned

forms, thus giving rise to six possible transformations [1,53]. For the NiTi system,

the following Figure 1.1 illustrates possible crystallographic transformation path-

ways [1,54]:

4



.

Figure 1.1: Crystallographic transformation pathways in NiTi shape memory alloy.
Adapted from [1]

The dotted arrows in Figure 1.1 indicate a possible stopping point at the inter-

mediate structure. Rhombohedral structure is not listed here but also possible.

The two-step transformation through an intermediate phase can be brought on by

thermo-mechanical processing and/or doping with a ternary element [55]. The trans-

formation is classi�ed as a �rst order one due to the presence of the hysteresis [1]. In

a typical elastocaloric cooling cycle, assuming a SMA is in the austenite phase, the

exothermic austenite to martensite transformation causes a temperature increase

in the material when an applied external stress is beyond a critical transforma-

tion stress (Figures 1.2 and 1.3) [2, 3]. Critical temperature parameters associated

with this step are martensitic transformation start temperatureMs and martensite

transformation �nish temperature Mf (Figure 1.3) [3]. This transformative defor-

mation occurs via migration of twin boundaries such that there is growth of some

and shrinking of others. A reverse martensite to austenite transformation process

results in a temperature decrease and shape retention upon removing the stress, go-

ing through austenitic start and �nish temperatures,As and A f , respectively [1,56].

This deformation-transformation cycle can be repeated reliably for SMAs if material

degradation does not occur. An example of a stress-strain curve for an SMA during
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an elastocaloric cooling cycle is given in Figure 1.3. Shape is set by heating to above

A f temperature so that transformation to austenite is complete. Deformation is also

semi-permanent as deformed material is recovered upon heat treatment.

Figure 1.2: Crystallographic rearrangement during an elastocaloric cooling cycle.
Adapted from [2].

As the shear deformation during transformation is induced by increasing tem-

perature or applying stress, the Clausius{Clapeyron equation is used to describe the

relationship between in
uence of temperature and stress on the SMA as follows:

d�
dT

= �
� S
�

= �
� H �

�T
(1.1)

where� is the applied uniaxial stress, �H* is transformation enthalpy, � S is

entropy change between the parent phase and martensite per unit volume,� is the
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Figure 1.3: Stress-strain behavior of an SMA during an elastocaloric cooling cycle.
Adapted from [3].

transformation strain, and T is temperature [1,57{59]. From Figure 1.3, coe�cient

of performance (COP) is de�ned as:

COP =
� H
W

(1.2)

whereW is the mechanical work input and � H is the cooling energy output [3]. The

inverse relationship requires a reduced work input or an increased cooling output

capacity to increase COP.

Transformation and shape memory characteristics of NiTi depend on metal-

lurgical factors of alloying composition, annealing temperature, aging temperature

and time [60]. For example, addition of Cu substituting Ni retains the SME up to

25 at.% such that a 10 at.% substitution results in a two-step martensitic transfor-

mation pathway of cubic (B2) ! orthorhombic (B19) ! monoclinic (B19') [61]. In
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contrast, only 1.5 at.% of Fe is needed for a two-step transformation, albeit through

a di�erent intermediate phase of rhombohedral structure: cubic (B2)! rhombohe-

dral (R) ! monoclinic (B19') [61]. Variation of Ni content can be used to tune the

transformation temperature and shape memory behavior (Figure 1.4) [1].

.

Figure 1.4: Phase diagram of NiTi as adapted from [1]. A metastable phase of TiNi
and Ti3Ni4 is highlighted in green which has an important role in improving shape
memory characteristics and tuning transformation temperature.

For Ti-rich compositions, aging treatments can be used to achieve constant

and high transformation temperatures. This is due to the formation of Ti-rich plate

precipitates several atomic layers thick on 100 planes that are the origin of stable

shape memory behavior. Figure 1.4 is a phase diagram for the NiTi system which

provides guidance on the crystallographic phases present at various conditions; some

important phases are as follows: NiTi's B2 phase in CsCl type ordered structure
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of Pm3m space group, cubic NiTi2 and Ti4Ni2O in Fd3m space group, Ni3Ti in

DO24, Ni3Ti 2 in two phases as a function of temperature { tetragonalI 4=mmm at

high temperature and orthorhombicBbmm at low temperature, and Ti3Ni4 in the

R3 space group [1]. These established reports are used to evaluate crystallographic

studies carried out in this dissertation and discussed in chapters 3, 4 and 5.

1.3 Thermal hysteresis

As mentioned previously, the transformation is as a �rst order transition due

to the hysteresis [1]. Understanding the underlying mechanism of reversibility of the

martensitic phase transformation in SMAs is critical to their practical application.

The area integrated under a stress-strain curve of an SMA is it's mechanical work

such that lower transformation stresses and/or strains increase its performance [49].

In absence of a mechanical load, however, thermal hysteresis is de�ned as the energy

dissipated during forward and reverse phase transformation and measured as a dif-

ference in heating and cooling transition temperatures, �T = ( A f { Ms) [62,63]. A

small hysteresis indicates highly reversible and e�cient transformation, low amounts

of damage and low irreversible plastic deformation during the PT process and can

change over many cyclical loadings, thereby, a�ecting fatigue life [62]. Thermoelastic

martensitic transformation is typically characterized by a hysteresis for energy dissi-

pated in the form of frictional work or elastic strain energy during phase transforma-

tion that negatively impacts SMA e�ciency and can be directly measured [64, 65].
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Therefore, it remains an important consideration when selecting SMAs for targeted

applications { fast actuation necessitates small hysteresis preference where as a large

hysteresis is sought in applications of pipe joining where retaining a prede�ned shape

within a large temperature range is needed [66]. They can range between� 0 K to

> 70 K [3,12,51].

Normally a consequence of nucleation, thermal hysteresis in SMAs arise as a

result of domain-wall pining that occurs due to long range elastic strain accumulating

from defects and thermal activation of phase transitions [62,67{70]. These domain

walls are the site of fully developed austenite/martensite interfaces and an elastic

transition layer that stores interfacial energy. Transformation hysteresis, hence,

is the energy barrier that needs to be overcome during the forward and reverse

transformation.

The size of hysteresis increases with decreasing compatibility between the

austenitic and martensitic interfaces [49, 51, 62, 71, 72]. It is described by the ge-

ometric non-linear theory of martensite (GNLTM) which provides direction in ma-

nipulating and �ne tuning the size of the hysteresis by targeting the martensite and

austenite crystallographic compatibility [12,73{76]. Brie
y, � T is governed by the

transformation stretch matrix U such that detU = 1 signi�es a no volume change

condition. The transformation matrix is further de�ned by the ordered eigenvalues

� 1, � 2, and � 3, where � 2 when equal to 1 signi�es presence of a perfectly coherent

interface between austenite and martensite. As an example, for a transformation

between cubic austenite of sidesa to a martensitic orthorhombic crystal structure
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of sidesa, b, and c, � 2 can be de�ned as [77]:

� 2 =
bB 19p
2aB 2

=
d(010)B 19

d(110)B 2
(1.3)

At this interface, the interfacial energy is eliminated reducing the thermal hysteresis.

Figure 1.5: In
uence of Cu content on thermal hysteresis of Ni49� xTi 59Cux . Adapted
from [4,5].

Zarnetta et al show how the thermal hysteresis of NiTi can depend on the amount

of Cu added to it (Figure 1.5) [4, 5, 78]. Hysteresis as a function of composition
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and lattice parameter for ternary alloys using Cu, Pd, Zr and Hf are reported by

Bucsek et al: Ni-Ti-Cu alloys of compositions Ni34Ti 54Cu12 and Ni36Ti 51Cu13 have

low hysteresis overall. Unaged alloys of Ni-Ti-Pd have lowest hysteresis when� 2

= 1 and through the formation of P-phase precipitates when aged. For Ni-Ti-Hf,

unaged alloys follow theoretical predictions of low hysteresis but not when aged

despite similar� 2 values ((0.9337 for unaged, 0.9394 for aged). They are also lower

than Ni-Ti-Zr alloys [49]. For quaternary alloys of Ni-Ti-Cu-Pd, thermal hysteresis

decreased for compositions with� 2 = 1, such that the greater preference of Pd than

Cu to occupy Ni sites regardless of concentration increases the sensitivity of �T

to Pd by an order of magnitude [12]. Lastly, small thermal hysteresis and large

latent heat are di�cult to obtain as a combined set of desired properties due to a

proportional relationship between them [3,51,79].

1.4 E�ect of alloying with third and fourth elements on transforma-

tion temperatures

E�orts have been undertaken recently to improve NiTi SMAs based on speci�c

applications, to control transformation temperatures for enhancing their reliability

and applicability [1,32,58,80{82]. Ternary and quaternary elements have been added

to NiTi to improve structural stability and functional fatigue life for application in

cooling and heat pumping devices through intermetallic precipitates [49, 83]. Ad-

dition of a third and fourth element to Ni-Ti alloy has also been shown to a�ect
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both the transformation temperatures and thermal hysteresis of NiTi. For exam-

ple, adding a third element to manipulate the temperature regime within which

this transformation occurs have been carried out using Zr [84], Pd [51], Pt [85,86],

Ag [87], Hf [88, 89] and Au [90] to develop high temperature SMAs [1, 71, 89]. Re-

duction of transformation temperature was achieved using Fe, Cr, V, Mn and Co

as ternary alloys [89]. Addition of Pd and Hf has also been shown to decrease

and reduce temperature hysteresis, respectively [12, 91]. Addition of Cu has also

been shown to reduce the thermal hysteresis but without decreasing transforma-

tion temperature relative to the binary NiTi, thereby leading to enhanced fatigue

properties [92{97]. Addition of both Cu and Co has been shown to reduce the

martensitic and austenitic start temperatures in combination with Ni's composition

as well as improve the fatigue properties [3]. Intermediate phases of B19 and R

form as they require less strain energy, in
uencing the energetics of B2 phase when

elastic constants change inc44 and c 0 directions [1, 98]. Resistance of B2 against

transformation is a�ected by the change in matrix valence electron concentration

such that the variation in Ms is dictated by precipitation in NiTi-based SMAs. A

decrease inMs is correlated with an increase in matrix valence electron concentra-

tion and vice versa; hence, elastic constants of the phase transforming matrix are

important, which are furthermore related to crystal electron concentration [98]. A

summary of the dependence ofMs on the concentration of a ternary element added

to NiTi is shown in Figure 1.6 [1]. Certain elements like Zr and Hf increase theMs

while others reduce it. I used this as a guide to select Co, Fe, Pd, and V for my

work. It is important to note that the line �ts are between few data points meaning
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single compositions were investigated one by one, which is a slow process making it

di�cult to accurately determine correlations.

Figure 1.6: Change in martensitic start temperature with change in concentration
of a ternary element to NiTi. Adapted from [1].

Fewer studies report on the addition of a fourth element to NiTi SMA with

a varying third element. Following is a summary of some of the quaternary SMA

systems prepared in bulk form found in literature. For Ni-Ti-Fe-Ta and Ni-Ti-

Fe-Nb, the role of Nb and Ta on grain morphology was evaluated. The authors

report an increased yield strength, decreased plasticity, decreased transformation

temperatures, one- and two-step cooling and heating phase transformations, re-

spectively [99]. In
uence of Co on Ni-Ti-Nb was investigated to have a reduction

in transformation temperature and lattice parameter, increase in yield strength,
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and a recoverable strain of 7.8% [23]. Thermomechanical processing was employed

to improve super-elasticity in Cu-Al-Mn-Ni [100]. For Ti-Nb-Mo-Sn, tensile and

thermal cycling show stable SME at room temperature with a martensite transfor-

mation temperature at 261 K and a recoverable strain of 4.8% [101]. Impact of

Al addition was studied on the corrosion and electrochemical behavior of Co-Ni-Ga

magnetic SMA [102]. Another Co-Ni-Ga system was studied for the addition of Cr

and reported to increase the phase transformation temperature [103]. In Cu-Al-

Mn-Ti, Cu 2AlTi precipitates were shown to stabilize stress induced martensite from

Cu2AlMn parent structure [104]. Improved fatigue properties were demonstrated

for the bulk quaternary Ni-Ti-Cu-Co alloy when it was cycled through 10 million

stress-strain cycles [3, 52]. Quaternary alloys of Ni-Ti-Cu with Cr, Fe, and V were

evaluated for crystallographic compatibility by Jaeger et al who showed correlation

between thermal and mechanical hysteresis with crystallographic �t as well as the

generation of irreversible strains in SMAs [79]. Zarnetta et al optimize synthesis

conditions for near-zero thermal hysteresis in Ni-Ti-Cu-Pd [12]. Finally, supere-

lastic stability of Ni-Ti-Cu-V at low transformation temperatures was tested in a

custom built elastocaloric cooling device [105{107]. This is also a rare instance of

obtaining a large latent heat with small thermal hysteresis for a combined set of

improved properties.

In order to explore a wider range of compositions for shape memory e�ect and

improved functional properties as well as stability, thin �lm SMAs are produced as

composition spreads using combinatorial magnetron sputtering. Some systems re-
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ported in literature include the high-throughput characterization and visualization

of large XRD datasets using a novel software which was �rst demonstrated using

Si-Sn-Co-C [108]. For the Ti-Ni-Cu-Pd system, high-throughput characterization

was used to screen compositions having zero thermal hysteresis and scaled up for

subsequent bulk testing [12,51]). Two crystallographic compatible Ni-Ti-Cu-Co thin

�lms of speci�c compositions were studied for stability when subjected to thermal

and superelastic cycling. A small grain size was reported to be critical for limit-

ing defect generation in addition to crystallographic stability [77]. Another study

reports on the decrease in both theMs and latent heat in Ni-Ti-Cu-Co [51].

Despite all these studies, however, there remains a gap in the systematic in-

vestigation of material properties based on composition, especially as very limited

compositions have been investigated. This work seeks to synthesize, characterize,

and systematically investigate the phase transformation behavior in ternary and

quaternary SMA materials libraries for solid state cooling, thermal energy storage,

and shape memory applications.

1.5 Shape memory alloys as phase change materials (PCMs)

NiTi-based SMAs were recently demonstrated as solid state, ultrahigh per-

formance metallic PCMs by harnessing their reversible martensitic transformation

[109]. Latent heat associated with this solid to solid transformation is indicative of

the thermal storage capacity with the �gure of merit (FOM) for developing SMA
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materials suitable for thermal energy storage (TES) applications described by Lu

as:

FOM = � � L � � HT (1.4)

where� is density,L is latent heat of transformation and� HT is the high-temperature-

phase thermal conductivity [110]. I use this information to evaluate the thermal

conductivity of the SMAs I synthesized and thus, their potential for deployment as

thermal energy storage systems in the form of phase change materials.

1.6 Combinatorial materials science for materials discovery and de-

velopment

Thin �lm libraries allow access to greater composition spreads, which, when

combined with high-throughput analysis techniques, provide the ability to rapidly

screen materials for speci�c applications [111]. Termed as combinatorial materials

science, it o�ers a powerful, accelerated approach to discovering new materials by

further coupling with machine learning techniques (Figure 1.7). We can understand

the correlation between physical properties and composition as a systematic evalua-

tion of parameters of interest which can then be manipulated to �ne-tune the func-

tionalities of materials through concurrent sample synthesis and high-throughput

experimentation (HTE) [4]. Over the last few decades, it has led to an e�cient

exploration and design of functional alloys with targeted properties [112]. Some
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advantages of applying combinatorial studies to thin �lms in particular instead of

bulk alloys are:

1. Composition spreads spanning entire composition spaces are possible

2. Facilitates easy screening via high-throughput characterization, reducing the

time between alloy discovery and development and eventual deployment

3. Many parameter spaces can also be rapidly explored

4. Thin �lms o�er the advantage of amorphization of alloys, which leads to

smaller grain sizes that are in turn useful for mechanical properties [1]

5. Promising compositions can then be scaled up for bulk studies.

Materials libraries employed in this work consist of hundreds of compositions

within a 3-inch (76.2 mm) silicon (Si) wafer having a concentration and thickness

gradient from concurrent sputter deposition of a given number of elements. Fun-

damental properties of composition and structure are sequentially characterized us-

ing wavelength dispersive spectroscopy (WDS) and synchrotron X-ray di�raction

(XRD), respectively. Automation of property measurement is central to the high-

throughput experimentation methodology along with data analysis and visualization

capabilities. Machine learning techniques of clustering and rapid basis pattern de-

convolution process of non-negative matrix factorization (NMF) were employed to

simplify classi�cation of materials from the large data sets to map and determine
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Figure 1.7: Combinatorial materials science uses high-throughput experimentation
for the discovery and development of new materials. Magnetron co-sputter technique
was used to synthesize thin �lm libraries on 3-inch substrates which are characterized
rapidly using XRD, XPS, and R(T) . The large data sets from these are analyzed
using machine learning which allows the determination of a phase map.

composition-structure-property relationships [113{115]. These are elaborated upon

in chapters 2, 3, 4, and 5.

1.7 Research objectives

The overall goal of this project was to investigate the impact of addition of a

third and fourth element on transformation properties of Ni-Ti and Ni-Ti-Cu- based

alloys towards the design and development of elastocaloric cooling and thermal
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energy management materials. This goal can be divided into the following main

e�orts:

1. Fabrication of thin �lm libraries:

Combinatorial synthesis of high purity ternary and quaternary thin �lm li-

braries covering a large compositional space using magnetron co-sputtering

system. Libraries of Ni-Ti-X (where X = Co, Hf, Pd, V) and Ni-Ti-Cu-Y

(where Y = Co, Fe, Pd, V) were fabricated.

2. Employ high-throughput characterization techniques to determine:

(a) Chemical composition

(b) Structure

(c) Shape memory e�ect! determine phase transformation temperatures

(d) Thermal conductivity and latent heat

3. Map composition-structure-property relationships:

To create composition-structure-property maps from the large high-throughput

datasets using machine learning. These will be used to determine relationships

between each category to aid in the adaptive design and development of ma-

terials with targeted properties.

4. Create experimental databases:

Compile and classify the large datasets into an easy-to-access reference database.
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1.8 Dissertation outline

This dissertation explores phase transformation in di�erent shape memory

alloys in thin �lm form using combinatorial materials science. It began with an

introduction of shape memory alloys in this chapter, a description of the methods

used to synthesize and investigate them in chapter 2, followed by focused descriptions

of �ndings from speci�c alloys systems as case studies in chapters 3, 4, and 5. I

conclude with a summary of the highlights and recommendations for future studies.
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Chapter 2: Experimental approach

Experiments were carried out at facilities at the University of Maryland, Col-

lege Park and collaborator institutions of SLAC Stanford National Accelerator Lab-

oratory, Ruhr University Bochum in Germany (RUB), and industry partner, Kratos

Analytical, Inc. Wafer orientation in all experiments was such that the long 
at

edge was positioned at the bottom with the �rst set of 5 sample pads labeled 1

to 5 situated parallel to the edge from left to right (Figure 2.1). This eased and

streamlined data management.

2.1 Thin �lm synthesis with sputter deposition

Quaternary thin �lm composition spreads between 150 and 250 nm thick were

deposited on 3-inch (76.2 mm) thermally oxidized (2� m SiO2) Si wafers (thickness

400� m, IWS) in vacuum (base pressure: 5� 10� 7 Torr, 6.6 � 10� 5 Pa) magnetron

sputtering system at room temperature. Sputtering rates and deposition time were

controlled to achieve a targeted composition range. High purity (99.98 %) elemental

targets of 1.5-inch (38.1 mm) diameter were sputtered using DC (Seren IPS), RF
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(Advance Energy) power sources and ultrahigh purity argon (Ar, 99.9997%, Airgas)

deposition pressure of 5� 10� 3 Torr (0.67 Pa) (Figure 2.1a, 2.1b). Each wafer

was covered with a patterned Si mask to delineate 177 individual compositions

evenly across the wafer at a �x, � y of 4.5 mm; an index number map for the

compositions in a library is shown in Figure 2.1c. Substrate was water cooled to

avoid crystallization during sputter deposition and to maintain low temperatures.

Figure 2.2 depicts the di�erent components in a sputtering chamber with the water

lines, target and substrate positions [6]. The resulting �lms were annealed in vacuum

without atmospheric exposure at two conditions: 500� C for 1 hr and 700� C for 15

min with a heating rate of 60 � C/min and � 4 � C, as determined to be appropriate

for crystallization of binary NiTi thin �lms [116]. Deposition rates were determined

for each element used in this work under a given power source for a preset time and

are listed in Appendix Table M.1. Thickness from step height was measured using

atomic force microscopy (AFM, Digital Instruments Dimension 3100 AFM system)

as shown in Figure 2.3. Based on the calibrated deposition rates listed in Appendix

Table M.1 and the density of each element, the required power ratio to achieve a

desired composition was determined and listed in Appendix Tables N.1 { N.4. Total

time for synthesis and annealing a thin �lm library is 2 hours before it is ready for

characterization.
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Figure 2.1: (a) Schematic courtesy of Dr. T. Gao showing multi-target co-sputtering,
(b) image of sputter deposition in progress, and (c) index number map of thin �lm
library on a 3-inch wafer with long 
at edge at the bottom.
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Figure 2.2: Schematic adapted from [6] showing basic chamber components for
magnetron sputtering.
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Figure 2.3: Film thickness measured by a pro�lometer or atomic force microscope.
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2.2 High-throughput measurements

Combinatorial materials science is facilitated by the development of rapid and

accurate measurement techniques to characterize large numbers of samples in par-

allel. Automation of these measurements sidesteps the otherwise labor-intensive

and time-consuming task of performing investigations in a serial and manual man-

ner. The following subsections elucidate the experimental details of characterization

techniques used to measure composition, structure and phase transformation prop-

erties with wavelength dispersive spectroscopy, X-ray di�raction, 4-point probe and

scanning hot probe microscopy. High-throughput X-ray photoelectron spectroscopy

(XPS) measurements were performed by Jonathan Counsell at Kratos Analytical

Inc. in the United Kingdom and provide insights on local chemical bonding behav-

ior in the Ni-Ti-Co library. These are presented extensively in Appendix G.
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2.3 Chemical composition from wavelength dispersive spectroscopy

(WDS)

Composition variation in the thin �lm libraries as well as bulk samples were

determined using wavelength dispersive X-ray spectroscopy (WDS) analysis in an

electron probe microanalyzer (EPMA) JXA 8900R Microprobe, with an acceleration

voltage of 15 kV. Standardization of references was carried out with pure metal

references and compositions were determined to be within an experimental error of

< 0.3 at.%. WDS was selected over energy dispersive spectroscopy (EDS) due to

its higher accuracy and precision in quantifying elemental content via better energy

resolution from peak/background ratio [117].

Figure 2.4: Bragg's law adapted from [7].
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Figure 2.5: Rowland Circle from [8].

When a �lament (thin coiled wire) of tungsten (W) is heated to � 2500 K,

some electrons acquire enough thermal energy to overcome the attractive forces in

the material, resulting in ejection of electrons in the form of a current 
owing away

from the material. In an EPMA, these electrons form into a beam, hit the sample,

excite electrons from various energy shells in the sample and form characteristic x-

rays that can be used to distinguish the elements present in a sample. Characteristic

x-rays produced at the sample reach the analyzing crystals which have a well-de�ned

d-spacing. X-rays that ful�ll Bragg's Law (shown in Figure 2.4) di�ract o� the

crystal [7, 118]. The sample, analyzing crystal, and detector (gas 
ow proportional

counter) must all lie on a geometrical construction called the Rowland Circle (Figure

2.5). One can alter the di�racted wavelength by moving the analyzing crystal and

detector along the Rowland Circle [8,9].
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Figure 2.6: Gas 
ow proportional counter from [9].

After characteristic x-rays are produced at the sample and di�ract o� the

analyzing crystal, they penetrate through a thin window into a gas 
ow propor-

tional counter (Figure 2.6). The x-rays ionize gas atoms inside the proportional

counter. The wire inside the gas 
ow proportional counter is positively biased (elec-

trically), while the walls of the gas 
ow proportional counter are negatively biased

(electrically). Therefore, the positive ions are accelerated towards the wall and the

produced electrons hit the wire, and the current is measured. This current can be

used to determine the counts of each element present [9,119].

2.4 Crystal structure analysis with synchrotron X-ray di�raction (XRD)

Structural information was obtained at room temperature by collecting two-

dimensional XRD patterns on the combinatorial library at beamline 1-5 at Stanford

Synchrotron Radiation Lightsource (SSRL). The experiment was performed with
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14.99 keV energy collimated to� 0.3 mm � 0.3 mm beam size and a wavelength of

0.82657�A (0.82657� 10{10 m). MarCCD detector (Rayonix) was used to collect the

data at an exposure rate of 30 s. Thus, a library of 177 samples could be completely

measured within 2 hours. To minimize in
uence of di�raction from the silicon

substrate, the library was scanned with a small grazing incidence angle of 1-2� . The

grazing incidence geometry resulted in an approximate 3-mm probe footprint on the

library. An automated algorithm was used to measure the entire library with a step

size of 4.5 mm. For data analysis, the geometric parameters of 2D detector such

as the direct beam position, tilting, rotation and sample to detector distance were

extracted from measuring standard LaB6 powder pattern. These parameters were

used to transform initial raw images that were acquired as a function ofQ and � in

di�raction coordinate into one-dimensional (1D) di�raction patterns by integrating

and normalizing over the� angle. Bragg angle (2� ) is related to scattering vector

(Q) by the relationship:

Q = 4 � � �
sin�

�
(2.1)

with wavelength (� ), helping to generate a more traditional 1 dimensional spectrum

of intensity vs. 2� .

2.5 Cluster analysis of high-throughput XRD data

An unsupervised machine learning algorithm was used as an exploratory data

analysis tool as well as a phase mapping tool. Hierarchical cluster analysis (HCA)
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was performed using Pearson Correlation Coe�cient (PCC) clustering model with

criteria for similarity and dissimilarity between input data, such that data grouped

into a cluster share similar characteristics in comparison with data in other clusters

[120]. An example of a HCA solution in the form of a dendogram is shown in Figure

2.7.

Figure 2.7: HCA groups patterns based on similarities such that each vertical line
in a dendogram solution represents a cluster of patterns.
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For two spectrax andy having meansx andy, the distance metric for similarity

is given byD = 1
2 (1 - Cxy ) whereCxy is the Pearson correlation coe�cient clustering

model de�ned as [113]:

Cxy =
P n

i =1 (x i � x)(yi � y)

[
P n

i =1 (x i � x)2 P n
i =1 (yi � y)2]

1
2

(2.2)

Di�erent groupings based on theD values are shown in Figure 2.8. It was applied

to the di�raction patterns using CombiView which is a MATLAB-supported data

visualization platform developed by the Takeuchi group [121].

Figure 2.8: Distance metric values and corresponding grouping of XRD patterns
from the Pearson Correlation Coe�cient [10].

Representative di�raction patterns from the clusters were then analyzed for

peak assignment using Bruker's DIFFRAC.EVA software versions 3.1, 4.0 and 5.2
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to match peaks from powder di�raction �le (pdf) reference patterns from the Inter-

national Centre for Di�raction Data (ICDD) database [122].

2.6 XRD pattern analysis for phase identi�cation

Patterns down selected from unsupervised machine learning were evaluated

using Bruker's DIFFRAC.EVA versions 3.1, 4.0 and 5.2 software for phase identi�-

cation from peak analysis, in conjunction with the International Center for Di�rac-

tion Data's (ICDD) data mining software, PDF-2 (Powder Di�raction File) database

[122,123]. The procedure is as follows: a text �le is created from the 1D XRD data

for each sample position within a library. The text �le is uploaded into EVA v4,

the background is accounted for by adjusting the curvature between 0.020 and 0.048

with a threshold of 0.005 and then selecting only the relevant elements to narrow

the search within the database.

2.7 High-throughput X-ray photoelectron spectroscopy (XPS)

XPS analyses were carried out with a Kratos Axis NOVA spectrometer using a

monochromatic Al K-� source (30 mA, 15 kV). XPS can detect all elements except

hydrogen (H) and helium (He). It probes the surface of the sample to a depth

of 5-7 nm and has detection limits ranging from 0.001 to 0.5 at.% depending on

the element/matrix. The instrument work function was calibrated to give a binding
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energy (BE) of 83.96 eV for the Au 4f7/2 line for metallic gold and the spectrometer

dispersion was adjusted to give a BE of 932.62 eV for the Cu 2p3/2 line of metallic

copper. Elemental binding energies are listed in Table 2.1. The Kratos charge

neutralizer system was used on all specimens. Survey scan analyses were carried

out with an analysis area of 300� 700 � m and a pass energy of 160 eV. High

resolution analyses were carried out with an analysis area of 300� 700 � m and a

pass energy of 20 eV. Spectra have been charge-corrected to the main line of the

carbon 1s spectrum (adventitious carbon) set to 285.0 eV (operating conditions:

base pressure 4� 10� 10 Torr or 5.3 � 10� 8 Pa; operating pressure during depth

pro�les 2 � 10� 8 Torr or 2.6 � 10� 6 Pa).

Photoelectron Peak Binding Energy (eV)
Ni 2p 853
Co 2p 778
O 1s 530
Ti 2p 455
C 1s 285

Table 2.1: XPS species and associated binding energies.

For quanti�cation, Shirley background subtraction removed the contribution

of inelastically scattered electrons. For chemical state analysis, peaks were �tted

with symmetric Gaussian-Lorentzian components using the ESCApe data system

and were quanti�ed using modi�ed Wagner relative sensitivity factors. Spatial dis-

tribution plots were performed using the ESCApe data system whereby a series of

analysis points can be created either freehand or as a grid. The spectra were ana-

lyzed as grouped data post quanti�cation. A Delaunay triangulation is �tted onto

the acquisition locations [124]. A linearly interpolated color scheme is then applied
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to each triangle based on the vertex values, each of which represents an acquired

atomic concentration value.

Depth pro�ling was performed using 4 kV monatomic Ar+ ions; ion-beam 
ux

� 5.8 � A with a crater raster area of 2 mm� 2 mm. Selected area spectroscopy (110

� m) was employed to limit the possibility of crater edge e�ects and ion beam inho-

mogeneities. Typical acquisition times for survey and high-resolution spectra are 1

minute each with 2 hours for depth pro�les. Chemical composition determination

from WDS, in contrast, takes 6 hours total.

2.8 Non-negative matrix factorization (NMF) of XPS and XRD data

Non-negative Matrix Factorization (NMF) method was used to automate the

analysis of XRD data. NMF results in basis components which often directly rep-

resent the di�raction spectra of the di�erent crystal structures, while the corre-

sponding weights re
ect the abundance of each structural phase at a given compo-

sition [125]. The goal of NMF is to obtain a factorization of the observational data

matrix X combining all measured di�raction spectra as:

X = WH + � (2.3)

Each of the measured spectra is formed by a linear mixing ofK unique but

unknown basis components forming the matrixW (Figure 2.9) [11]. The values ofH
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correspond to the contribution of each basis component to the spectrum measured

at a given point in composition space. Since both factor matricesW and H are

unknown, and even their sizeK (i.e., the number of basis components) is unknown,

the problem is under-determined. Nevertheless, NMF can be obtained by minimiz-

ing the Frobenius norm 1
2 jjX � W � Hjj 2

F or the Kullback{Leibler (KL) divergence

D(XjjW � H) [114, 126, 127]. Extending NMF to XPS datasets is straightforward,

and all the properties that make it an attractive XRD decomposition tool transfer

to XPS data analysis, con�rming experimental analysis.

Figure 2.9: Pattern deconvolution using NMF to �nd basis spectra. Adapted from
[11].
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2.9 Four-point probe resistance-temperatureR(T) measurements

Film resistance as a function of temperatureR(T) was measured to determine

transformation temperature parameters ofAs, A f , Ms, Mf , and � T (A f { Ms)

as crystal structure changes correspond with measurable electrical changes. Sheet

resistance is independent of sample geometry and was measured using a four-point

probe method described by van der Pauw in a customized high-throughput test

stand (Figure 2.10) with an automated platform of 5 sets of 4-point probes [128{130].

Spacing between probe tips is 500� m and test stand is enclosed in a box purged

with nitrogen (N2) gas (Figure 2.11). Measurements were performed between -40

� C and 120� C with a heating/cooling rate of 5 � C/min and 50 mA source current.
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Figure 2.11: Image showing detail of probe head with 5 sets of 4-point probes.
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The tangent method is used on anR(T) curve to determineAs, A f , Ms, Mf ,

and � T (A f { Ms) as shown in Figure 2.12 [12]:

Figure 2.12: A typicalR(T) curve for an alloy with reversible phase transformation.
The tangent method is shown which is used to determine the temperatures indicating
phase transformation. Adapted from [12].

2.10 Thermal conductivity measurements using scanning hot probe

(SHP)

In this work, I use scanning hot probe (SHP) as an extension of scanning

thermal microscopy (SThM) �tted on the tip of a modi�ed atomic force microscope

probe (Figure 2.13) to characterize thermal conductivity of combinatorial thin �lms

on a Si substrate [131, 132] . It is based on Joule heating of a small �lament to

localized heating to a nano- or microscale region. The probe tip used in this work is

comprised of a thin palladium (Pd) �lament on a silicon nitride (Si3N4) cantilever
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that is Joule-heated, and its electrical resistance is monitored such that the probe

acts both as a heat source as well as a temperature sensor [131{134]. When the probe

is heated far away from a sample, the electrical resistance of the probe changes with

the �lament's temperature coe�cient of resistance [13,132]. The probe temperature

decreases when in contact with a sample which can be used to determine the thermal

properties of the sample once the probe tip is properly calibrated. A representative

schematic of the system used for characterization in this work is shown in Figure

2.13.

Figure 2.13: Schematic of a scanning hot probe. Image courtesy of A. Wilson, ARL.

To accurately characterize thermal conductivity of materials, the scanning

hot probe must be appropriately calibrated. Figure 2.14 depicts the heat transfer

mechanisms away from the probe, which must be accounted for.

To account for probe-to-ambient heat loss (including convective and radiative

losses as well as heat loss to the contacts), a Wheatstone bridge circuit con�guration

is utilized with two reference resistors in one leg and the probe and a varistor in

the other leg. The bridge is balanced (such that resistance and current across both
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Figure 2.14: Schematic depicting heat 
ow from the probe. Image courtesy of A.
Wilson, ARL.

legs are equal) with the probe far from the sample, which e�ectively sets the \no

heat transferred to sample" resistance at the applied power to the circuit. When

the probe is brought into contact with the sample, some of the heat being generated

by the probe is absorbed by the sample, which reduces the probe's resistance and

changes the measured voltage di�erence across the reference and sample legs of the

circuit. Since the di�erence was zero when the probe was far from the sample,

the change in resistance may be attributable to heat transfer to the sample. Re-

balancing the bridge before each measurement ensured consistent treatment of the

data in our measurements.

The SHP method was carried out using Bruker GLA1 probes with an Ana-

ysis SThM system attached to a Veeco NanoMan atomic force microscope (AFM)

with radiation shielding (Figure 2.15). Environmental conditions of room temper-

ature (RT) and humidity are recorded at the beginning of experiments. After all

equipment was powered on and connected, a small (0.25V) output voltage was ap-

plied to the probe (such that negligible heat was generated by the probe) for a time

ahead of measurement to allow capacitive e�ects of the power supplies and electrical
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connections to settle. Room temperature and humidity were recorded within the

radiation shield of the AFM, near the sample, and changes in room temperature

were accounted for in the probe's resistance via the manufacturer's speci�ed value

of thermal coe�cient of resistance (TCR) of 0.003 1/� C [134,135]. When ready for

measurement, the output voltage to the probe was changed to 1.25V (corresponding

to � 1 mA) and with no sample mounted (or the probe lifted far from the sample

where there was no heat transfer to the sample), the Wheatstone bridge circuit was

balanced as described before. Then the probe was brought into contact with the

sample in an area free of dust and debris, and after an initial 500 nm scan size,

on a relatively 
at area, the scan size was set to zero, and the probe voltage was

recorded. The probe was then lifted and moved to another spot on the sample and

this process was repeated for two to three data points per sample. This procedure

was used for both the reference samples as well as the combinatorial �lm samples.

Additional details can be found in Chapter 5.
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Figure 2.15: (a) AFM set up with a radiation shield and scanning hot probe
mounted; (b) x-y movable stage has a 3 inch wafer loaded for measurement.
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A summary of the alloy systems and high-throughput characterization tech-

niques used in this study is shown in Figure 2.16 along with the measured properties.

Figure 2.16: A summary of SMAs and high-throughput characterization techniques
used in this study along with the measured properties.
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Chapter 3: Phase transformation in Ni-Ti-Co thin �lm library

Combinatorial synthesis and high-throughput characterization of a Ni-Ti-Co

thin �lm materials library is reported for exploration of reversible martensitic trans-

formation. The library was prepared by magnetron co-sputtering, annealed in vac-

uum at 500 � C without atmospheric exposure and evaluated for shape memory

behavior as an indicator of transformation. A new, expanded composition space

having phase transformation with low thermal hysteresis and Co> 10 at.% is found.

Through cluster analysis of XRD data, I identi�ed and mapped the constituent

structural phases. Composition-structure-property maps for the ternary system are

made to correlate the functional properties to the local microstructure and compo-

sition of the Ni-Ti-Co thin �lm library. These �ndings were recently published in

ACS Combinatorial Science[136].

3.1 Introduction

A co-sputtered Ni-Ti-Co thin �lm library is investigated for SME through the

evaluation of the phase transformation. First reported in 1975 [137], the Ni-Ti-
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Co alloy has since found wide applications: as a component of permanent mag-

nets [138{140], high-entropy alloys [141, 142], shape memory alloys [24], and su-

peralloys [143, 144] along with substantive use in biomedical applications [37{47].

The addition of Co to NiTi has been shown to reduce theMs and As tempera-

tures in combination with the Ni content; it has also been shown to increase yield

strength [145, 146]. These improvements are sought out in elastocaloric cooling

technology where ambient transition temperatures and small thermal hysteresis are

desired [92]. Until now, investigations on the structural phases, mechanical proper-

ties, elastic properties, and phase transformation behavior that have been reported

for Ni-Ti-Co involved one-by-one bulk preparation that covered a limited compo-

sition space, with addition of Co investigated only up to 10 at.% [47, 147{156]. A

more comprehensive study of the ternary system by Zhou et al, to determine the

liquidus surface projection at 1373 K also involved one-by-one bulk preparation of

35 alloys. They evaluate the microstructure and di�erent crystallographic phases

present but do not report on the mechanical or transformation properties of Ni-

Ti-Co [157]. To the best of my knowledge, no systematic investigations of phase

transformation in Ni-Ti-Co alloys, both in bulk and thin-�lm form that probe a

greater composition space, have been reported thus far. Hence, this study aims to

�ll this information gap in identifying composition regions having martensitic phase

transformation, with a focus on small thermal hysteresis.

To quickly identify the compositions that transform in the ambient temper-

ature range, a Ni-Ti-Co composition spread was synthesized using magnetron co-
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sputtering and its composition-structure-property was mapped with high-throughput

characterization. Unsupervised machine learning methods were used to both man-

age the large data sets acquired and analyze them e�ciently [113, 114]. The com-

position was determined using wavelength dispersive spectroscopy (WDS). I also

evaluated the use of X-ray photoelectron spectroscopy (XPS) as a high-throughput

chemical characterization technique; an automated, typical WDS measurement of a

177-sample library takes about 6 hours whereas total acquisition time for XPS sur-

vey scans for the same sample library requires only half the time. Although surface

e�ects and corrosion behavior of NiTi-based bulk as well as thin-�lm systems have

been previously studied with XPS [37, 148, 158{160], I report on systematic high-

throughput XPS characterization and an indexed spectral database for Ni-Ti-Co.

Using synchrotron X-ray di�raction (XRD) and high-throughput four-point probe

temperature-dependent resistanceR(T) measurements, I report on the microstruc-

ture, phase diagram, and martensitic transformation behavior of Ni-Ti-Co alloys.

I also report on phase transformation in compositions beyond Ni50� xTi 50Cox (x =

0 to 10 at.%). Furthermore, I identi�ed a composition space with small thermal

hysteresis (�T) that is promising for higher transformation e�ciency and long-term

stability.
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3.2 Experimental results

Figure 3.1 shows a ternary elemental plot of the compositional range covered

in this study. With an x-y scanning table and characterization tools, the library

was spatially analyzed, which o�ers another way to visualize data. An image of the

materials library and corresponding labeled wafer positions are shown in section 3.5

of the chapter supplementary information (SI) Figure S3.4a and S3.4b, respectively.

Throughout the paper, I will use both methods to facilitate understanding of the

di�erent insights; experimental details are provided at the end.

Figure 3.1: Ternary plot of Ni, Ti, and Co determined from high-throughput WDS.
Compositions are grouped by color based on results from the Pearson Correlation
Coe�cient (PCC) hierarchical clustering model. Compositions grouped inside gray
ellipses were determined to transform through an intermediate structure.
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3.2.1 Characterization of chemical composition

Chemical composition determined from WDS shows elemental concentrations

of 22.8 at.%< c(Ni) < 72.8 at.%, 17.6 at.%< c(Ti) < 68.2 at.%, and 5.4 at.%<

c(Co) < 33.2 at.%. Distribution of the elements by wafer position is shown in SI Fig-

ure S3.2a-c; these match the con�guration of the targets inside the deposition cham-

ber. The center of this library on the wafer has a composition of Ni46:2Ti 40:1Co13:7.

Compositions with the highest and lowest Ni content are Ni72:6Ti 18:6Co8:8 and Ni23Ti 68Co9,

highest and lowest Ti are Ni23Ti 68Co9 and Ni67:5Ti 17:7Co14:8, and highest and lowest

Co are Ni34:4Ti 32:5Co33:1 and Ni45:5Ti 49Co5:5, respectively. Additionally, I obtained

crystallographic evidence for carbide and oxide phases of Ti. Chemical composition

data from WDS and XPS agree qualitatively for Ni and Ti distributions shown in

Figures S3.5a, b and S3.5d, e. Slight di�erence observed in the spatial distribution

of Co (Figures S3.5c and S3.5f) may be associated to a surface energy e�ect as XPS

captures chemical activity present in the top 10 nm. In addition to di�erences in

sampling depths, the variation in Co distribution may also be due to local surface

aggregation of Co for a particular alloy blend. Despite the reduction in measurement

time from XPS, I use WDS compositions going forward due to its higher accuracy

and precision in quantifying elemental content. I do, however, use oxidation state

mapping from XPS to understand crystallographic trends in the following sections.
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3.2.2 Transformation temperature from 4-point probe measurements

Compositions in the library were screened for phase transformation using

a high-throughput four-point probe measurement system as measurable electrical

changes accompany crystal structural changes during phase transformation [129,

161]. I successfully identi�ed compositions with phase transformation and narrow

�T in the ambient temperature range. Film sheet resistance as a function of tem-

perature, R(T), was measured between -40� C to 120 � C. Austenitic start ( As),

austenitic �nish ( A f ), martensitic start (Ms) and martensitic �nish ( Mf ) temper-

atures were determined by applying the tangent method to theR(T) curves, as

demonstrated in the inset of Figure 3.2a. The �rst-order martensitic transformation

is associated with a thermal hysteresis (�T) that reduces the reversibility of the

transformation. This hysteresis is a result of energy dissipation due to frictional

work and plastic accommodation during lattice distortions [54, 67, 68, 162]. The

hysteresis width determines the energy loss and ine�ciency of the transformation

such that a narrow width favors sustained reversibility [62]. Thermal hysteresis is

determined by the di�erence between austenitic �nish (A f ) and martensitic start

(Ms) temperatures.

The R(T) curves obtained can be divided into three categories { (1) linear,

non-transforming curves with increasing slopes, (2) non-linear, transforming curves

(Figure 3.2a) and (3) linear, non-transforming curves with decreasing slopes (exam-

ples are highlighted with a black box in SI Figure S3.6). LinearR(T) curves with
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increasing slopes showing no transformation were obtained for most of the library.

Of the 177 compositions measured, 31 were observed to have reversible transfor-

mation behavior and hence, shape memory e�ect; these are listed by ascending Ni

content in Table 3.1. Composition regions with SME at Co content greater than 10

at.% were identi�ed for the �rst time. SME was observed in an elemental range for

Ni from 25.8 to 70.5 at.%, Ti from 21.4 to 64.3 at.%, and Co from 5.5 to 26.4 at.%,

respectively. Temperature ranges observed for martensite start, austenite �nish and

thermal hysteresis were -25.2� C < Ms < 106.5 � C, -23.2 � C < A f < 140.4 � C, and

0.7 � C < �T < 131.2 � C, respectively. Distribution of thermal hysteresis is shown

in Figure 3.2b. Four compositions with 5.9 at.%< c(Co) < 18.3 at.% were observed

to have �T between 0.5 and 2.1 � C with the higher Co composition transforming

at higher temperatures (Ms = 106.5 � C, A f = 107.9 � C). AverageA f and Ms tem-

peratures are around 79.6� C and 14.4� C, respectively, which are essential for SMA

use in ambient temperatures. Some transformation pathways were incomplete in

the evaluated range as seen from the missing Ms values in Table 3.1.

These results are important as SME has been reported in bulk compositions

of Ti50Ni50� xCox (x = 2, 4, 6, and 8) but not observed for Ti50Ni40Co10 measured

at liquid nitrogen temperature [40, 151]. Addition of Co preferentially substitutes

Ni up to 14 at.% which has been shown to reduce theMs. Although only a slight

reduction in Ms is observed, our observations are overall in agreement with previous

reports demonstrating addition of Co to reduceAs and Ms through substitution of

Ni [146]. Seven compositions were determined to have phase transformation through
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an intermediate structure (dotted, Figure 3.1). These are not listed in the table as

additional nano-characterization measurements and temperature-dependent XRD

are needed to verify these observations. Nonetheless, a two-step transformation has

been previously reported for bulk Ni-Ti-Co and is also well known to occur in NiTi

as well as ternary systems such as TiNiCu, TiNiFe and TiNiMo [61,147,163{166].
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Ni Ti Co M s A f A f { M s = � T
[at. %] [°C]

25.8 63.5 10.7 -10.3 73.1 83.5
29.1 64.3 6.6 -25.2 -23.2 2.0
29.1 63.5 7.4 - -8.3 8.3
29.8 47.7 22.5 - 83.9 83.9
32.8 61.3 5.9 -4.9 -2.8 2.1
32.9 60.4 6.7 -15.0 -14.3 0.7
35.2 51.2 13.6 58.0 95.8 37.9
35.7 52.4 11.9 - 79.6 79.6
37.3 36.3 26.4 0.8 61.1 60.3
38.6 38.3 23.1 15.5 79.4 64.0
39.7 39.7 20.6 10.6 109.9 99.3
42.5 43.6 13.9 - 72.9 72.9
45.3 48.4 6.3 -8.8 95.9 104.7
46.4 27.9 25.7 2.0 81.9 79.9
49.6 44.0 6.4 40.4 116.8 76.4
51.4 26.4 22.2 1.3 78.6 77.2
53.0 27.5 19.5 -12.8 78.5 91.3
54.0 39.8 6.2 22.8 109.7 86.9
54.4 40.0 5.7 24.8 94.2 69.4
58.9 35.6 5.5 29.7 140.4 110.6
59.3 25.8 14.9 0.7 95.8 95.0
59.5 22.2 18.3 106.5 107.9 1.5
60.0 31.0 9.0 19.3 99.0 79.7
60.7 26.4 13.0 -2.4 104.8 107.2
60.7 31.4 7.9 3.3 105.3 102.0
61.8 26.6 11.5 -6.3 104.3 110.6
65.3 27.9 6.8 73.5 111.0 37.5
67.4 24.2 8.4 16.1 104.0 87.8
68.2 24.3 7.5 5.2 107.7 102.6
68.6 24.7 6.6 -24.9 106.2 131.2
70.5 21.4 8.2 19.6 69.5 49.9

Table 3.1: Composition, martensitic start (M s), austenitic �nish ( A f ), and ther-
mal hysteresis (�T) determined from R(T) for ternary Ni-Ti-Co SMA library by
ascending Ni content.
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Figure 3.2: (a)R(T) curve for Ni32:8Ti 61:3Co5:9 showing near-zero thermal hysteresis.
Inset shows the tangent method to determine phase transformation temperatures
As, A f , Ms, and Mf from R(T) curve for Ni53Ti 27:5Co19:5 alloy showing reversible
phase transformation with large thermal hysteresis. (b) Distribution of thermal
hysteresis �T = A f { Ms in � C as a function of composition. Color scale bar from
blue to red indicates small to large temperature widths.
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3.2.3 Crystal structure and phase determination through cluster anal-

ysis

MATLAB based data visualization platform CombiView allows linking of sam-

ple composition with its XRD and XPS spectral patterns (SI Figure S3.7) and

was used to perform the hierarchical cluster analysis on the XRD data (SI Figure

S3.8) [121]. An initial cluster analysis resulted in 32 groups. Upon re�ning and

combining cluster groups based on number of low intensity peaks, six groups were

determined consisting of 16 phases (see space group in Table 3.2). Representative

XRD patterns were analyzed using EVA4 XRD software from Bruker and matched

against the International Centre for Di�raction Data (ICDD) database [122]. Re-

sults of the cluster analysis and phase distribution in a ternary composition plot

are shown in SI Figure S3.8b-c and Figure 3.1, respectively. Selected di�raction

patterns representing phases present in the six groups de�ned by PCC are shown

in Figure 3.3. Crystal structures identi�ed in this alloy library are listed in Table

3.2. Depending on where a composition was in the thermal cycle of the trans-

formation, I expected to identify cubic, monoclinic or orthorhombic structures for

compositions exhibiting phase transformation. Most common crystal type present

was cubic austenite structurePm3m in the form of NiTi or Co0:15Ni0:85Ti crystal

types and present in a single phase in only two compositions, Ni29:1Ti 64:3Co6:6 and

Ni32:8Ti 61:3Co5:9 (positions 163 and 172, light blue cluster in Figure 3.1) { both

of these also had near-zero thermal hysteresisR(T) curves. The Pm3m phase is
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present predominantly in a mixture with other cubic phasesIm 3m and Fm3m,

shown as dark green, light green and red groups in Figure 3.1. These were observed

to have linear, non-transformingR(T) curves (SI Figure S3.6). For compositions in

the Ni-rich region, mixed phases of hexagonal (prototype Ni4In) and cubic (proto-

types TiV, Co2NiGa, Co0:5Ni0:5Ti, and GaTiCo2) crystal structures were present,

seen in red in Figure 3.1. Rhombohedral Ni2Ti and Ni 4Ti 3 structures were also

identi�ed, and it was noted that NiTi is present in cubic, monoclinic, and hexagonal

forms. For compositions with SME discussed in the previous section, both single

phase and a mixture of cubic with orthorhombic structures were identi�ed as seen

from light and dark blue patterns in Figure 3.3. A mixture of hexagonal NiTi and

cubic (Co5NiTi 4)0:2 for wafer position 162 (WDS composition Ni32:9Ti 60:4Co6:7) also

exhibited transformation with near-zero thermal hysteresis. It is important to note

that this is a qualitative, not quantitative assignment. Similarly, for wafer position

90 (WDS composition Ni42:5Ti 43:6Co13:9) where a potential two-step transformation

was observed, a mixture of hexagonal Ti(Co1:5Ni1:5) and cubicPm3m, Im 3m struc-

tures of the prototypes Co0:807Ge0:123W0:070 and Cr0:875Ti 0:125 were identi�ed. Since

our library explores a composition space not yet reported, these and other proto-

type structures listed in the table provide an understanding of the type of crystal

structures that may be present as I could not match every XRD peak with a listing

in the ICDD. Finally, the gray cluster in Figure 3.1 is de�ned by a non-crystalline

phase in which broad peaks were observed in the 2-theta (2� ) range of 40� to 48�

(gray pattern in Figure 3.3) that corresponded with linear, non-transformingR(T)

curves characterized by decreasing slopes. The cluster forms a phase boundary sepa-
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rating NiTi { NiTi 2 double phase for compositions rich in Ti (dark blue in SI Figure

S3.8c), that follows a distribution of Ti4+ peak observed from XPS mapping (SI Fig-

ure S3.9). Although no clear relationship could be drawn between variation of Ni or

Co content with phase transformation, crystallographic evidence for SME could be

established, in agreement with theoretical and experimental observations reported

in literature [37{39,150,157,165]. These results also build on the challenging work

associated with determining stable intermediate phases [155].

Figure 3.3: Selected X-ray di�raction patterns (wafer positions 94, 172, 91, 90,
89, 87, and 82 from top to bottom) representing phases present in the six clusters
identi�ed by PCC arranged in ascending Ni content. Patterns are o�set for clarity.

59



Formula Space Group Space Group Number Prototype
(CoNi2) Ti P63/mmc 194 hexagonal
(Co0:15Ni0:85) Ti Pm-3m 221
(Co0:5Ni0:5) Ti Pm-3m 221
(Co5NiTi 4)0:2 Pm-3m 221
(Ni0:875Co0:125) Ti Pm-3m 221

I4/mmm 139
tetragonal

Al(Cr 1:818Ti 0:182)
Al(Cr 1:818Nb0:182)

Co O Fm-3m 225
Co Ti Pm-3m 221
Co2 Ge Ti Fm-3m 225

Co2 Ni Ti Fm-3m 225
Co2 Ni Ga
Fe Ni
Mg Ni2 Sn

Co2 Ti 4 O Fd-3m 227
Co3 Ti 3 O Fd-3m 227

Iba2 45
orthorhombic

Cr0:9585 Ga2 Sb2

P1m1 6
Monoclinic

Fe Ni
Ni Ti P21/m 11 monoclinic
Ni Ti P-3 147 hexagonal
Ni Ti Pm-3m 221
Ni Ti2 Fd-3m 227
Ni1:02 Ti 0:98 Pm-3m 221
Ni2 Ti R-3m 166 rhombo.h.axes
Ni2 Ti 4 O Fd-3m 227
Ni4 Ti 3 R-3 148 rhombohedral

I4/m 87
tetragonal

Ni4 W
Ti (Co 1:5 Ni1:5) P63/mmc 194 Co Mn Sn
Ti C Fm-3m 225 Ti Co Ni Sn
Ti Co Pm-3m 221
Ti 4 Ni2 O0:3 Fd-3m 227

F43m 216 (Co Ni) Sn2 Ti 2
Ti 2 Ni Al

Im-3m 229 Ni V
Ti V

Pmam 51
orthorhombic

Ti Ni 0:8 Cu0:2

Pmmn 59
orthorhombic

Nb Ni3
Table 3.2: Crystal structures identi�ed in the Ni-Ti-Co
thin �lm materials library; the default crystal structure
type is cubic unless speci�ed otherwise under prototype.
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3.3 Discussion

To understand the relationship between composition, structure, and phase

transformation, we can now align the data for material properties of the Ni-Ti-Co

library across the chemical composition space. Phase transformation was observed

in di�erent parts of the composition plot with very little apparent connection to

elemental variation. Of all the cubic space groups, transforming compositions are

comprised of thePm3m type in single phase or in mixture withFm3m. While other

compositions have similar crystal structures, they do not undergo transformation;

this may be due to the presence of other crystal types such as non-transforming cubic

and hexagonal phases. It is also di�cult to determine exact in
uence of composition

on the presence of a particular crystal type since these are not single phases. Fur-

thermore, the presence of additional phases may demand greater energy for the SME

phase to transform, thereby increasing the thermal hysteresis width. This is sup-

ported by stableR(T) curves having near zero thermal hysteresis for compositions

Ni29:1Ti 64:3Co6:6 and Ni32:8Ti 61:3Co5:9 at positions 163 and 172 with a single crystal

phase of NiTi or Co0:15Ni0:85Ti types. Fabricating a materials library having smaller

concentration gradients and centered around the composition space identi�ed to

have narrow hysteresis coupled with temperature-dependent XRD measurements

may better elucidate the crystal phase composition of the transforming samples.

Additionally, while scale-up of these compositions to verify the narrow thermal hys-

teresis in bulk is needed, thin �lms of Ni-Ti-Cu, Ni-Ti-Cu-Co and Ni-Ti-Cu-V have
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been successfully scaled up and tested over many cycles [3,12,106]. Abrupt changes

in R(T) curves are also observed from one measurement area to the next such that

they have linear and/or non-linear curves characterized by decreasing slopes from

left to right (Figure S3.6). A cluster of XRD patterns re
ects a similar distribution

across the wafer and forms a phase boundary separating NiTi { NiTi2 double phase

for compositions rich in Ti (SI Figure S3.8c). XPS mapping of the Ti4+ peak across

the wafer further con�rms this observation (SI Figure S3.9). It may be that the

annealing time is not long enough to produce large enough crystallites in this area

of the materials library. Overall, while it is di�cult to draw a de�nitive relationship

between variation of Ni or Co content with phase transformation, I establish crys-

tallographic evidence for SME, in agreement with observations already reported in

literature for other Ni-Ti-Co alloys [37{39,150,157,165]. Nonetheless, these results

expand on the challenging work of determining stable intermediate phases reported

previously [155].

3.4 Summary and conclusions

A combinatorial Ni-Ti-Co thin �lm materials library covering a large compo-

sition space was synthesized using magnetron co-sputtering and annealed at 500

� C for 1 hour in vacuum. Large data sets of composition, transformation temper-

atures, and crystal structure were obtained from high-throughput WDS and XPS,

four-point probe temperature-dependent resistance and synchrotron XRD measure-
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ments that enabled rapid materials characterization and screening. Transformation

temperatures were probed in the -40� C to 120 � C range to screen for shape mem-

ory alloys that could be used in ambient temperatures applications. By employing

combinatorial synthesis and high-throughput experimentation, I demonstrate the

e�ectiveness of the methodology in systematically mapping phase transformation

and drawing composition-structure-property relationships. Cross sample position

analysis between and within data sets allowed for greater insights and the following

observations were drawn:

ˆ Chemical composition space bounded between 22.8 at.%< c(Ni) < 72.8 at.%,

17.6 at.%< c(Ti) < 68.2 at.%, and 5.4 at.%< c(Co) < 33.2 at.% was syn-

thesized

ˆ Phase transformation was observed in compositions beyond the range previ-

ously reported as Ni50� xTi 50Cox (x = 0 to 10 at.%), with Co concentration

between 5 { 26 at.%

ˆ A new compositional region having narrow thermal hysteresis (�T between

0.5 and 2� C) centered around 6 at.% Co in Ti-rich regions was identi�ed

ˆ Transforming compositions are composed of mixtures of cubic structures from

Pm3m and Fm3m space groups as well as orthorhombic and hexagonal struc-

tures

ˆ Non-transforming compositions were characterized by crystalline mixtures of

multiple cubic Pm3m phases,Pm3m with Fm3m along with Im 3m cubic
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phases in addition to non-crystalline phases de�ned by broad XRD peaks

around 2� = 40�

ˆ Alloys with distinct XRD patterns for a single cubic phase showed near-zero

thermal hysteresis

ˆ Large data sets produced in this work may be used to develop machine learning

models for predictive experimentation

In summary, this study highlights a strategy that can be extended to other alloy

systems and properties to discover new materials with enhanced functionalities.
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3.5 Chapter supplementary information

Figure 3.4: (a) Ni-Ti-Co thin �lm library having 177 samples on a 3-inch SiO2 wafer,
(b) x-y coordinates position map (numbering begins at bottom row 1 { 5, left to
right) with the long 
at edge of the wafer positioned at bottom.
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