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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 processed shape as a result of a reversible martensitic transformation, SMAs are
highly sensitive to compositional variations. Alloying with ternary and quaternary elements to fine-
tune the lattice parameters and the thermal hysteresis of an SMA, therefore, becomes a challenge in
materials exploration. Combinatorial materials science allows streamlining of the synthesis process
and data management from multiple characterization techniques. In this study, a composition spread
of Ni–Ti–Cu–V thin-film library was synthesized by magnetron co-sputtering on a thermally oxidized
Si wafer. Composition-dependent phase transformation temperature and microstructure were investi-
gated and determined using high-throughput wavelength dispersive spectroscopy, synchrotron X-ray
diffraction, and temperature-dependent resistance measurements. Of the 177 compositions in the mate-
rials library, 32 were observed to have shape memory effect, of which five had zero or near-zero thermal
hysteresis. These compositions provide flexibility in the operating temperature regimes that they can be
used in. A phase map for the quaternary system and correlations of functional properties are discussed
with respect to the local microstructure and composition of the thin-film library.

� 2020 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Shape memory alloys (SMAs) of nickel-titanium (Ni-Ti) are
functional materials with thermal (one-way effect, 1-WE) and
mechanical (pseudoelasticity, PE) ‘‘memory” [1]. This property,
also known as the shape memory effect (SME), is a result of a
first-order, diffusionless, and reversible phase transformation
between austenite and martensite structures. When cooling from
high temperature, phase transformation from austenite to marten-
site is characterized by the martensite start (Ms) and finish (Mf)
temperatures. Similarly, the reverse process is characterized by
the austenite start (As) and finish (Af) temperatures. A thermal hys-
teresis DT occurs when there is a difference in the temperature at
which 50% of the material is transformed into martensite upon
cooling and 50% into austenite upon heating, so that DT = Af � Ms

[2]. Transformation temperatures (Af) range between 0 and 100 �C
for commercial NiTi alloys with a hysteresis width of 25 to 40 �C
[3]. Austenitic and martensitic NiTi structures have cubic B2 and
monoclinic B19’ crystal lattices, respectively [1,4,5]. In addition,
intermediate structures such as rhombohedral or trigonal R-
phase and B19 facilitate geometric compatibility during transfor-
mation. Phases and crystal lattices present in the Ni–Ti system
are extensively studied, but undesirable functional and structural
properties including the strong dependence of transformation tem-
peratures on composition and, hence, tight control of synthesis
parameters present a significant challenge in their adoption into
new technology [6–10]. Nonetheless, Ni–Ti SMAs enjoy wide-
spread applications ranging from actuators, stents, orthodontics,
and sensors to eco-friendly refrigeration and even fashion [11–17].
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The transformation temperature regime is a critical parameter
in determining the application of SMAs along with their functional
fatigue. The addition of ternary and quaternary alloying elements
enables the modification and fine-tuning of the material transfor-
mation temperature for specific applications [4,9,18]. Combinato-
rial materials science merges the synthesis of thin films with
high-throughput characterization, which allows access to many
compounds covering a substantial compositional space with diffe-
rent stoichiometries under identical conditions. Hence, it enables
the rapid discovery and development of new materials with tar-
geted properties [19].

In this study, we report on a systematic workflow for the rapid
determination of composition–structure–property relationships
using combinatorial synthesis and high-throughput experimenta-
tion. We report on new Ni–Ti–Cu–V quaternary thin-film composi-
tions having near-zero thermal hysteresis, as determined by high-
throughput resistance measurements. Compositional and struc-
tural characterization was carried out with wavelength dispersive
spectroscopy and high-throughput synchrotron X-ray diffraction
(HiTp-XRD). A composition-phase map for the quaternary alloy
was developed through automated data analysis employing hierar-
chical clustering techniques. This work validates theoretical pre-
dictions and builds on experimental efforts in developing new
SMAs [20,21].
2. Experimental approach

Experiments were carried out with the long flat edge of the
wafer positioned at the bottom so that the first set of five sample
pads, labeled 1–5 from left to right, were parallel to the edge. This
eased and streamlined data management.

2.1. Thin-film synthesis with magnetic sputtering

A quaternary thin-film composition spread for Ni–Ti–Cu–V
between 150 and 250 nm thick was deposited on a 3 in
(76.2 mm) thermally oxidized (2 lm SiO2) silicon (Si) wafer (thick-
ness 400 lm, IWS; International Wafer Service, Inc., USA), in an
ultrahigh-vacuum (5 � 10–7 torr, 1 torr = 133.32237 Pa), mag-
netron sputtering system at room temperature. High-purity
(99.98%) elemental targets with a diameter of 1.5 in (38.1 mm)
were sputtered using DC (direct current from Seren IPS Inc., USA)
and RF (radio frequency from Advanced Energy Industries, Inc.,
USA) power sources with an ultrahigh purity argon (Ar)
(99.9997%; Airgas, USA) pressure of 5 � 10–3 torr. Each wafer
was covered with a patterned Si mask to delineate 177 individual
compositions evenly across the wafer at a Dx, Dy of 4.5 mm. The
substrate was water cooled to avoid crystallization during sputter
deposition and to maintain low temperatures. The resulting film
was annealed in a vacuum at 500 �C for 1 h following the process
reported in the literature [21]. Deposition rates were determined
for each element used in this work under a given power source
for a preset time and are listed in Table S1 of the Supplementary
data. Thickness was measured using atomic force microscopy
(AFM). Based on the calibrated deposition rates and the density
of each element, the required power ratio to achieve a desired
composition was determined and is listed in Table S2 of the Sup-
plementary data. The total time for the synthesis and annealing
of a thin-film library is 2 h before it is ready for characterization.

2.2. Chemical composition determination

Composition variation in the thin-film library was determined
using wavelength dispersive X-ray (WDX) analysis in an electron
probe microanalyzer (EPMA) JXA 8900R Microprobe (Microprobe,
USA),with an acceleration voltage of 15 kV. Standardization of refer-
ences was carried out with pure metal references and compositions
were determined to be within an experimental error of < 0.3 at%.

2.3. Crystal structure analysis

Structural information was obtained at room temperature by
collecting two-dimensional (2D) X-ray diffraction (XRD) patterns
on the combinatorial library at beamline 1–5 at the Stanford Syn-
chrotron Radiation Lightsource (SSRL). The experiment was per-
formed with 14.99 keV energy collimated to approximately 0.
3 mm � 0.3 mm beam size and a wavelength of 0.82657 Å
(8.2657 � 10�9 m). MarCCD detector (Rayonix, L.L.C., USA) was
used to collect the data at an exposure rate of 30 s. To minimize
the influence of diffraction 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 the 2D detector,
such as the direct beam position, tilting, rotation, and sample-to-
detector distance, were extracted from a measuring-standard
LaB6 powder pattern. These parameters were used to transform
the initial raw images that were acquired as a function of Q and
v in the diffraction coordinate into one-dimensional (1D) diffrac-
tion patterns by integrating and normalizing over the v angle.
The Bragg angle (2h) is related to the scattering vector (Q) by the
relationship Q = 4�p�sin(h)/k, with wavelength (k) helping to
generate a more traditional 1D spectrum (intensity vs 2h).

2.4. Characterization of transformation temperature

Film resistance as a function of temperature, R(T), was measured
to determine the transformation temperature, as crystal structure
changes correspond with measurable electrical and magnetic
changes. Resistancewasmeasured using a four-point probemethod
described by Van der Pauw in a custom-built high-throughput test
stand with an automated platform of five sets of four-point probes
[22,23]. The spacing between the probe tips was 500 lm and the
test stand was enclosed in a box purged with nitrogen (N2) gas.
Measurements were performed between �40 and 120 �C with a
heating/cooling rate of 5 �C�min�1 and 50 mA source current.

2.5. Cluster analysis of high-throughput data

An unsupervised machine learning algorithm was used as an
exploratory data analysis tool as well as a phase mapping tool.
Hierarchical cluster analysis was performed using the Pearson cor-
relation coefficient model with criteria for similarity and dissimi-
larity between input data, such that data grouped into a cluster
shared similar characteristics in comparison with data in other
clusters [24]. For two spectra x and y having the means �x and �y
the Pearson correlation coefficient (PCC) clustering model is
defined as [25]

Cxy ¼
Pn

i¼1ðxi � xÞðyi � yÞ
½Pn

i¼1ðxi � xÞ2Pn
i¼1ðyi � yÞ2�

1
2

It was applied to the diffraction patterns using CombiView
(Anritsu, Japan), which is a MATLAB-supported data visualization
platform developed by the Takeuchi group.

3. Results and discussions

In this work, we investigated the influence of composition on
the structure and transformation property of quaternary
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[Ni36–Ti52–Cu12](100�x)Vx alloys in thin-film form. High-throughput
characterization of the composition and crystal structure was per-
formed using wavelength dispersive spectroscopy and synchrotron
X-ray diffraction, respectively. Transformation behavior was
characterized using resistance measurements as a function of
temperature. Machine learning using a MATLAB-based visualiza-
tion platform CombiView developed in-house was used to sort
compositions by diffraction patterns, and therefore structures,
into clusters in order to rapidly identify constituent phases and
determine phase boundaries.

3.1. Chemical composition

AutomatedWDSmeasurementswere carried out on all 177 sam-
ples in the materials library. Fig. 1 shows the composition variation
across thewafer,with atomicpercent ranges for the four elements as
follows: Ni from 21.3 at% to 58.3 at%; Ti from 23.3 at% to 57.5 at%;
copper (Cu) from 12.9 at% to 24.9 at%; and vanadium (V) from
2.9 at% to 6.2 at%. The targeted composition Ti41.8Ni37.5Cu16.0V4.6

wasobtained in the center. Distributionof the elements corresponds
with the elemental target gun positions inside the sputtering
chamber.
Fig. 1. Elemental distribution of (a) Ni, (b) Ti, (c) Cu, and (d) V on a 3 in Si wafer. The col
indicated by the progression from red to blue. The wafer was oriented with the long fla

Fig. 2. (a) Temperature-dependent resistance R(T) curves for [Ni36–Ti52–Cu12](100�x)Vx sh
portion of the wafer as indicated by broad ‘‘U”- and ‘‘2”-shaped curves. Heating and coo
activity of wafer positions and (c) compositions projected on a ternary Cu–Ni–Ti plot, w
3.2. Transformation temperature determination from temperature-
dependent resistance measurements

The property of interest for this library was SME determined
from phase transformation curves. These were obtained by carry-
ing out temperature-dependent resistance measurements. Phase
transformation temperatures of austenitic finish (Af), and marten-
sitic start (Ms) were determined using the tangent method [21].
Phase transformation activity for each composition as a function
of wafer position in the thin-film library is shown in Fig. 2(a).
Regions of transformation indicated by curves shaped as variations
of ‘‘U” and ‘‘2” were observed to be limited to the right side of the
wafer. The left-half portion can be divided into two main regions:
The first region encompassed many compositions in the center of
the wafer with non-transforming, linear behavior; the second
region was limited to compositions in the far left showing non-
transforming and nonlinear behavior without clear curves. Posi-
tions and compositions clustered by SME activity are shown in
Figs. 2(b) and (c), respectively, where there are reversible phase
transformations with nonlinear R(T) curves (yellow, teal, pink),
non-transforming regions with linear curves in blue, and nonlinear
curves in green and red. Phase transformation parameters of
or scale for each element indicates composition in atomic percent from high to low
t edge at the bottom.

owing regions of transformation. Reversible transformation is observed on the right
ling curves are indicated by red and blue colors, respectively. (b) Grouping by SME
here V is between 2.9 at% and 6.2 at%.
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thermal hysteresis (DT = Af –Ms), austenitic finish (Af), and marten-
sitic start (Ms) temperatures are shown in Fig. 3. All compositions
with phase transformation behavior are listed in Table 1. SME
was observed in 32 compositions, with five compositions having
zero or near-zero thermal hysteresis and one composition having
a maximum DT of 17.2 �C. The elemental range for compositions
having SME was observed as follows: c(Ti) = 49.4 at% to 57.5 at%;
c(Ni) = 21.3 at% to 30.9 at%; c(Cu) = 13.8 at% to 21.6 at%; and
c(V) = 4.1 at% to 6.2 at%. The boundaries of the temperature regime
where transformations to austenite occurred were observed to be
Fig. 3. Ni–Ti–Cu–V compositions having SME projected onto Cu–Ni–Ti ternary plots
with the atomic concentration of V held constant between 2.9 at% and 6.2 at%.
Phase transformation parameters of (a) austenitic finish (Af) temperature,
(b) martensitic start (Ms) temperature, and (c) thermal hysteresis DT = Af � Ms.
Color scale bars from blue to red indicate high to low temperatures.
centered around 13 �C to 29 �C while the martensitic start temper-
ature was slightly reduced between 10 �C and 20 �C. Thermal hys-
teresis of � 4 �C was observed in 19 compositions.

3.3. Crystal structure and phase identification

The data visualization platform CombiView allows the linking
of the sample position on the wafer with its corresponding compo-
sition and diffraction pattern. The structural phase diagram was
determined through a hierarchical cluster analysis of the diffrac-
tion patterns, as shown in Fig. 4. A Pearson correlation coefficient
cluster analysis resulted in six clusters for the Ni–Ti–Cu–V materi-
als library. Table 2 lists the crystal structure and space group of the
phases found in the library. For non-transforming compositions,
both linear and nonlinear R(T) curves were observed, which were
attributed to double-phase and low-symmetry crystal structures.
The default structure type is a cubic phase, unless specified other-
wise under prototype.

3.4. Assessment of the thin-film phase diagram

Results for the transformation properties and phases identified
in the present study are listed in Table 1 and Table 2, respectively.
Martensitic phase transformation determined from resistance
measurement shows that the shape memory effect is limited to
the Ti-rich region. SME variation changes with Ni and V content
such that SME is observed to be between 21.3 at% and 33.4 at%
Ni and between 4.0 at% and 6.2 at% V, respectively. This is in agree-
ment with values reported in bulk by Frenzel et al. [9] and Schmidt
et al. [26].

Clustering diffraction patterns using the Pearson correlation
coefficient model match the grouping of compositions based on
the shape memory behavior. Cubic NiTi with a mixture of cubic
Table 1
Thermal hysteresis, austenitic finish, and martensitic start temperatures for quater-
nary-Ni-Ti-Cu-V SMAs by ascending Ti content.

c(Ti) (at%) c(Ni) (at%) c(Cu) (at%) c(V) (at%) Af (�C) Ms (�C) DT (�C)

49.4 30.9 15.5 4.2 25.0 24.0 1.0
50.0 29.7 14.3 6.0 22.8 16.0 6.8
50.6 29.4 14.2 5.8 30.0 17.5 12.5
51.0 28.9 14.4 5.7 26.5 15.2 11.3
51.2 22.6 21.6 4.5 14.4 12.0 2.4
51.7 28.9 14.0 5.4 24.0 18.0 6.0
51.7 28.0 15.1 5.2 30.7 20.4 10.3
52.0 27.3 14.6 6.2 45.6 43.5 2.1
52.0 28.5 14.1 5.4 30.6 21.7 8.9
52.1 28.9 15.0 4.1 40.0 38.0 2.0
52.4 23.1 19.7 4.8 21.2 15.2 6.0
52.5 27.3 14.5 5.7 28.8 16.4 12.4
52.5 26.7 15.1 5.8 18.0 14.0 4.0
52.9 26.3 15.3 5.5 26.8 24.0 2.8
53.0 24.2 17.8 5.0 34.4 24.8 9.6
53.3 25.8 14.7 6.1 42.9 41.9 1.0
53.6 25.0 16.3 5.1 21.2 14.4 6.8
53.7 25.8 15.2 5.3 35.2 18.0 17.2
54.2 21.5 19.5 4.9 13.6 10.0 3.6
54.2 22.1 18.6 5.1 14.8 14.0 0.8
54.3 25.2 14.4 6.1 16.0 16.0 0
54.3 26.4 13.8 5.5 19.6 17.6 2.0
55.5 22.8 16.5 5.2 13.2 12.8 0.4
55.5 24.8 13.8 5.9 29.5 17.2 12.3
55.5 23.5 15.6 5.4 5.2 3.6 1.6
55.7 23.9 14.8 5.6 12.0 10.0 2.0
55.8 24.7 13.9 5.7 11.6 9.6 2.0
56.7 22.8 14.4 6.0 21.2 10.4 10.8
57.1 22.5 14.6 5.8 1.6 1.2 0.4
57.1 21.3 16.5 5.1 6.4 4.8 1.6
57.5 22.0 14.8 5.7 6.0 6.0 0
57.5 21.5 15.7 5.3 4.4 2.4 2.0



Fig. 4. Hierarchical cluster analysis of diffraction patterns for a quaternary thin-film library covering the range [Ni36–Ti52–Cu12](100�x)Vx. The MATLAB-based data
visualization platform CombiView allows linking of the sample position on the wafer with its composition and diffraction pattern, which is used to perform hierarchical
cluster analysis to create a structural phase diagram. (a) 177 diffraction patterns with an x-axis of 2h between 22� and 100�; (b) pearson correlation coefficient cluster analysis
model showing grouping of XRD patterns based on similarities in peak positions; (c) composition space covered in this study as projected on a ternary plot of Cu–Ni–Ti with
constant V identifying structural phase boundaries as delineated from hierarchical clustering shown in (b); (d) grouping by position on wafer (long flat edge at bottom).

Table 2
Overview of crystal structures identified in the Ni–Ti–Cu–V materials library.

Formula Space group Space group number Prototype

NiTi Pm-3m 221 (Ti0.64Zr0.36) Ni
TiNi0.8Cu0.2 P21/m 11 Monoclinic
CuNi i I4/mmm 139 Tetragonal
Ni0.25Cu0.75 Im3m 229
Ti2C0.06 P63/mmc 194 Hexagonal
(Cu0.03Ni0.97)3Ti P63/mmc 194
Ti(Ni2.79Cu0.21) R-3m 166 Rhombo. H. axes
TiNi0.8Cu0.2 Pmam 51 Orthorhombic
Ti(Cu0.053Ni0.947)3 P63/mmc 194
(Ti0.67V0.33)Ni3 P63/mmc 194
Ti Ni2 Cu Pmmn 59
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Ni0.25 Cu0.75 and tetragonal CuNiTi phases were found in Ti-rich
regions with the highest V content. The increased replacement of
Ni by V was observed to stabilize the transformable cubic and
tetragonal martensite variants (Fig. 5). A mix of cubic crystal struc-
ture having a prototype formula (Ti0.64Zr0.36)Ni and hexagonal
Ti(Cu0.053Ni0.947)3 made up the majority of the composition space
covered in this materials library having no transformation. For
Ni-rich regions, orthorhombic phases of TiNi2Cu/TiNi0.8Cu0.2 mixed
with hexagonal (Ti0.67V0.33)Ni3 were identified as Ni content was
reduced.
The addition of Cu to binary NiTi such that Cu replaces Ni has
been shown to decrease the misfit between austenite and marten-
sitic lattices. This translates to a slight decrease in Ms and reduced
width of the thermal hysteresis, which, when combined, improves
fatigue properties. The influence of the addition of V as a ternary
element to NiTi was reported by Frenzel et al. [9], who demon-
strated a reduction in Ms. In addition, the mechanical behavior
was stabilized so that a small residual strain was maintained, com-
pared with binary NiTi. Ni–Ti–Cu–V has been demonstrated for
application as an elastocaloric material that is able to fulfill the
potential of using Ni45Ti47.25Cu5V2.75 in ribbon form [26] and
Ni50Ti45.3V4.7 in a square prismatic form [27]. The identification
of new compositions with reduced thermal hysteresis is a starting
point for scale-up experiments to determine their long-term
robustness through mechanical testing.

3.5. Effect of temperature cycling on film resistance

Thermal stability over many cycles is an important considera-
tion in the optimization of heat transfer and the determination of
functional fatigue, specifically, when using SMAs for elastocaloric
cooling [28]. Film sheet resistance at room temperature (Fig. 6(a))
was measured prior to cycling the library between �40 and
120 �C for temperature-dependent resistance measurements. The



Fig. 5. Selected diffraction patterns representing the six clusters identified by the Pearson correlation coefficient clustering model. Substitution of Ni by V increases with
distance from the abscissa, reflecting a shift in the non-transforming orthorhombic and hexagonal phase mixture to transformable cubic and tetragonal crystal structures.
Patterns are offset for clarity.

Fig. 6. Thin-film sheet resistance at room temperature (a) before and (b) after 84 temperature cycles between �40 and 120 �C. Post-cycling resistance was mapped using the
same scale as pre-cycling; values outside of this range are indicated by colorless boxes. (c) Difference in resistance from (a) and (b). The color scale from red to blue indicates
high to low values, respectively. The wafer was oriented with the long flat edge at the bottom.
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effect of temperature cycling on film resistance was evaluated since
the library was subjected to 84 temperature cycles, and is shown in
Fig. 6(b) with the differencemapped in Fig. 6(c). While the SMEwas
stable, as determined from the observation of transformation in
Fig. 2, an overall reduction in sheet resistance was observed. XRD
measurements collected post-thermal cycling show little to no
change in diffraction patterns, thereby suggesting good structural
stability (data not shown).
4. Conclusions

In this work, we report on the combinatorial thin-film synthesis
and high-throughput characterization of a quaternary alloy. We
provide an overview of the dependence of material properties on
composition and structure through composition–structure–
property maps. The Ni–Ti–Cu–V materials library we synthesized
spans a composition region that has shape memory behavior. A
strong correlation can be made between the microstructure and
phase transformation property and, hence, composition. SMA
effect is prominent in the Ti-rich region, with a significant number
of compositions having near-zero thermal hysteresis. Increasing
addition of V was observed to stabilize the mixture of cubic and
tetragonal phases identified in compositions exhibiting SMA
behavior. For non-transforming compositions, both linear and
nonlinear R(T) curves were observed, which were attributed to
double-phase and low-symmetry crystal structures. SME and
thermal hysteresis were stable over close to a hundred cycles. This
work explored and validated the use of V as a fourth element in
fine-tuning the operating temperature of a Ni–Ti–Cu ternary alloy
in the ambient temperature regime for elastocaloric cooling
applications. Work remains to be undertaken to understand
the limits of V addition on the enhancement of efficiency and
functional stability of the elastocaloric effect in NiTi alloys.
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