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ABSTRACT: Combinatorial synthesis and high-throughput characterization of a Ni—
Ti—Co thin film materials library are reported for exploration of reversible martensitic
transformation. The library was prepared by magnetron co-sputtering, annealed in
vacuum at 500 °C without atmospheric exposure, and evaluated for shape memory
behavior as an indicator of transformation. Composition, structure, and transformation
behavior of the 177 pads in the library were characterized using high-throughput
wavelength dispersive spectroscopy (WDS), X-ray photoelectron spectroscopy (XPS),
X-ray diffraction (XRD), and four-point probe temperature-dependent resistance
(R(T)) measurements. A new, expanded composition space having phase trans-
formation with low thermal hysteresis and Co > 10 at. % is found. Unsupervised
machine learning methods of hierarchical clustering were employed to streamline data
processing of the large XRD and XPS data sets. Through cluster analysis of XRD data,
we identified and mapped the constituent structural phases. Composition—structure—
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property maps for the ternary system are made to correlate the functional properties to the local microstructure and composition of

the Ni—Ti—Co thin film library.
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B INTRODUCTION

Shape memory effect (SME) is a property that allows shape
memory alloys (SMAs) to regain their shape when deformed
through application of stress or temperature. The underlying
mechanism is a reversible, diffusion-less, first-order martensitic
transformation between two crystallographic phases.' The high
temperature, high symmetry cubic phase is called austenite.
The low temperature, low symmetry phase is called martensite,
which can be present as twinned, detwinned, or a mixture of
both in monoclinic and orthorhombic variants." The temper-
atures at which transformation from martensite to austenite
begins and ends are called A, and Ay whereas the temperatures
for the reverse pathway are marked by M, and M; A
cosputtered Ni—Ti—Co thin film library is investigated for
SME through the evaluation of the phase transformation. First
reported in 1975,” the Ni—Ti—Co alloy has since found wide
applications: as a component of permanent magnets,” > hi§h-
entropy alloys,”” shape memory alloys,® and superalloys”°
along with substantive use in biomedical applications.'' ™'
The addition of Co to NiTi has been shown to reduce the M
and A, temperatures in combination with the Ni content; it has
also been shown to increase yield strength.””*® These
improvements are sought out in elastocaloric cooling
technology where ambient transition temperatures and small
thermal hysteresis are desired.”* Until now, investigations on
the structural phases, mechanical properties, elastic properties,

and phase transformation behavior that have been reported for
Ni—Ti—Co involved one-by-one bulk preparation that covered
a limited composition space, with addition of Co investigated
only up to 10 at. %.”*"*°~** 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 3$ alloys. They evaluated the microstructure
and different crystallographic phases present but did not report
on the mechanical or transformation properties of Ni—Ti—
Co.” To the best of the authors’ knowledge, no systematic
investigations of phase transformation in Ni—Ti—Co alloys,
both in bulk and in the thin-film form that probes a greater
composition space, have been reported thus far. Hence, this
study aims to fill this information gap in identifying
composition regions having martensitic phase transformation,
with a focus on small thermal hysteresis.

We employ combinatorial materials science to facilitate a
rapid investigation for the discovery, design, and development
of new materials. It involves the correlation between physical



properties and composition through concurrent sample
synthesis and high-throughput experimentation (HTE).*
Combinatorial thin film synthesis allows access to a greater
number of compositions than previously explored.”” When
combined with high-throughput characterization techniques, a
systematic evaluation of parameters of interest can be carried
out to fine-tune the functionalities of materials. Promising
compositions can then be scaled up for bulk studies.

To quickly identify the compositions that transform in the
ambient temperature range, a Ni—Ti—Co composition spread
was synthesized using magnetron co-sputtering, and its
composition—structure—property was mapped with high-
throughput characterization. Unsupervised machine learning
methods were used to both manage the large data sets acquired
and analyze them efficiently.””*” The composition was
determined using wavelength dispersive spectroscopy
(WDS). We also evaluated the use of X-ray photoelectron
spectroscopy (XPS) as a high-throughput chemical character-
ization technique; an automated, typical WDS measurement of
a 177-sample library takes about 6 h whereas total acquisition
time for XPS survey scans for the same sample library requires
only half the time. Although surface effects and corrosion
behavior of NiTi-based bulk as well as thin-film systems have
been previously studied with XPS,'"**™* we report on
systematic high-throughput XPS characterization and an
indexed spectral database for Ni—Ti—Co. Using synchrotron
X-ray diffraction (XRD) and high-throughput four-point probe
temperature-dependent resistance R(T) measurements, we
report on the microstructure, phase diagram, and martensitic
transformation behavior of Ni—Ti—Co alloys. We also report
on phase transformation in compositions beyond Nis,_, Tis,Co,
(x = 0 to 10 at. %). Furthermore, we identified a composition
space with small thermal hysteresis (AT) that is promising for
higher transformation efficiency and long-term stability.

B RESULTS AND DISCUSSION

Figure 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
offers another way to visualize data. Images of the materials
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Figure 1. Ternary plot of Ni, Ti, and Co determined from high-
throughput WDS. Compositions are grouped by color based on
results for crystallographic phases from the Pearson correlation
coefficient (PCC) hierarchical clustering model. Compositions
grouped inside gray ellipses were determined to transform through
an intermediate structure.

library and corresponding labeled wafer positions are shown in
the Supporting Information, Figure SI, parts a and b,
respectively. Throughout the paper, we will use both methods
to facilitate understanding of the different insights; exper-
imental details are provided at the end.

Characterization of Chemical Composition. Chemical
composition determined from WDS shows elemental concen-
trations of 22.8 at. % < Cy; < 72.8 at. %, 17.6 at. % < Cr; < 68.2
at. %, and 5.4 at. % < Cg, < 33.2 at. %. Distribution of the
elements by wafer position is shown in Figure S2a—c; these
match the physical configuration of the targets inside the
deposition chamber. The center of this library on the wafer has
a composition of Niy,Tiyg;Co,3,. Compositions with the
highest and lowest Ni content are Niy,Tijz4Cogs and
Niy;TiggCog, highest and lowest Ti are Ni,;TiggCoq and
Nigy sTi;7,Co,45 and highest and lowest Co are
Niy, 4Tis, sCo33, and Niys sTiyCos s, respectively. Additionally,
we 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 Figure
S2a,b and Figure S2d,e. Slight difference observed in the spatial
distribution of Co (Figure S2, parts c and f) may be associated
with a surface energy effect as XPS captures chemical activity
present in the top 10 nm. In addition to differences 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, we use
WDS compositions going forward due to its higher accuracy
and precision in quantifying elemental content. We do,
however, use oxidation state mapping from XPS to understand
crystallographic trends in the following sections.

Transformation Temperature Determination with
Four-Point Probe Measurements. Compositions in the
library were screened for phase transformation using a custom
high-throughput four-point probe measurement system as
measurable electrical changes accompany crystal structural
changes during phase transformation.”"" We successfully
identified compositions with phase transformation and narrow
AT in the ambient temperature range. Film sheet resistance as
a function of temperature, R(T), was measured between —40
and +120 °C. Austenitic start (A;), austenitic finish (A),
martensitic start (M,), and martensitic finish (Mf) temperatures
were determined by applying the tangent method to the R(T)
curves, as demonstrated in the inset of Figure 2a. The first-
order martensitic transformation is associated with a thermal
hysteresis (AT) that reduces the reversibility of the trans-
formation. This hysteresis is a result of energy dissipation due
to frictional work and plastic accommodation during lattice
distortions.”*™* The hysteresis width determines the energy
loss and inefliciency of the transformation such that a narrow
width favors sustained reversibility.”” Thermal hysteresis is
determined by the difference between austenitic finish (A;) and
martensitic start (M,) temperatures.

The R(T) curves obtained can be divided into three
categories—(l) linear, non-transforming curves with increas-
ing slopes, (2) nonlinear, transforming curves (Figure 2a), and
(3) linear, non-transforming curves with decreasing slopes
(examples are highlighted with a black box in Figure S3).
Linear R(T) curves with increasing slopes showing no
transformation were obtained for most of the library. Of the
177 compositions measured, 31 were observed to have
reversible transformation behavior and hence, shape memory
effect; these are listed by ascending Ni content in Table 1.
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Figure 2. (a) R(T) curve for Ni;,4Tis 3Coso showing near-zero
thermal hysteresis. Inset shows the tangent method to determine
phase transformation temperatures A, Ay M, and M from R(T) curve
for Nig;Ti,; sCoyg s alloy showing reversible phase transformation with
large thermal hysteresis. (b) Distribution of thermal hysteresis AT =
A;— M in °C as a function of composition. Color scale bar from blue
to red indicates small to large temperature widths.

Composition regions with SME at Co content greater than 10
at. % were identified for the first 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
finish and thermal hysteresis were —25.2 °C < M, < 106.5 °C,
—23.2 °C < Ay < 1404 °C, and 0.7 °C < AT < 1312 °C,
respectively. Distribution of thermal hysteresis is shown in
Figure 2b. Four compositions with 5.9 at. % < C¢, < 18.3 at. %
were observed to have AT between 0.5 and 2.1 °C with the
higher Co composition transforming at higher temperatures
(M; = 106.5 °C, A; = 107.9 °C). Average A; and M
temperatures are around 79.6 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 M, values in Table
1. These results are important as SME has been reported in
bulk compositions of Tis,Nis,.,Co, (x = 2, 4, 6, and 8) but not
observed for Tis,NiygCo;, measured at liquid nitrogen
temperature.' >’ Addition of Co preferentially substitutes Ni
up to 14 at. % which has been shown to reduce the M,
Although only a slight reduction in M, is observed, our
observations are overall in agreement with previous reports
demonstrating addition of Co to reduce A, and M, through
substitution of Ni.”’ Seven compositions were determined to
have phase transformation through an intermediate structure
(dotted gray ellipses, Figure 1a). These are not listed in the

Table 1. Composition, Martensitic Start (M,), Austenitic
Finish (Af), and Thermal Hysteresis (AT) Determined from
R(T) for Ternary Ni—Ti—Co SMA Library by Ascending Ni
Content

at. % °C
Ni Ti Co M, A A — M, = AT
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 - —-83 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 S1.2 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
46.4 279 25.7 2.0 81.9 79.9
49.6 44.0 6.4 40.4 116.8 76.4
514 26.4 222 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 S.5 29.7 140.4 110.6
59.3 25.8 149 0.7 95.8 95.0
59.5 22.2 183 106.5 107.9 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
60.7 314 7.9 33 108.3 102.0
61.8 26.6 11.5 —6.3 104.3 110.6
65.3 279 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 as additional nanocharacterization 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.*>*'%°

Crystal Structure and Phase Determination. We
employed an unsupervised machine learning algorithm to
determine a phase map for the Ni—Ti—Co library. Hierarchical
cluster analysis using the Pearson correlation coefficient
(PCC) was performed on high-throughput synchrotron XRD
patterns (Figure SSa), collected at room temperature for the
177 annealed compositions, which delineates and separates
compositions based on differences or similarities in their
diffraction patterns. This also allows us to rapidly determine
composition-structure relationships in the Ni—Ti—Co materi-
als library.

The MATLAB-based data visualization platform Combi-
View allows linking of sample composition with its XRD and
XPS spectral patterns (Figure S4) and was used to perform the
hierarchical cluster analysis on the XRD data (Figure $5).%° An
initial cluster analysis resulted in 32 groups. Upon refining and
combining cluster groups based on number of low intensity
peaks, six groups were determined consisting of 16 phases (see



space group in Table 2). Representative XRD patterns were
analyzed using EVA4 XRD software from Bruker and matched

Table 2. Crystal Structures Identified in the Ni—Ti—Co
Thin Film Materials Library”

space space group
formula group number prototype
(CoNi,)Ti P63 /mmc 194 hexagonal
(Cop1sNiggs)Ti  Pm3m 221
(CoysNigs)Ti Pm3m 221
(CogNiTi,)o, Pm3m 221
(Nigg75C00125)Ti  Pm3m 221
I4/mmm 139 tetragonal
Al(Cry 815Tig150)
Al(Cr, 515Nby,5)
CoO Fm3m 225
CoTi Pm3m 221
Co,GeTi Fm3m 225
Co,NiTi Fm3m 225 Co,NiGa
FeNi
MgNi,Sn
Co,Ti,0 Fd3m 227
Co,Ti,O Fd3m 227
Iba2 45 orthorhombic
Cro9ss5Ga,Sh,
Piml 6 monoclinic
FeNi
NiTi P21/m 11 monoclinic
NiTi pP3 147 hexagonal
NiTi Pm3m 221
NiTi, Fd3m 227
Ni, 0, Tigos Pm3m 221
Ni,Ti R3m 166 rhombo.h.axes
Ni, Ti,O Fd3m 227
Ni, Ti; R3 148 rhombohedral
I4/m 87 Tetragonal
Ni,W
Ti(Co, sNi, 5) P63/mmc 194 CoMnSn
TiC Fm3m 225 TiCoNiSn
TiCo Pm3m 221
Ti,Ni,O, 5 Fd3m 227
F4A3m 216 (CoNi)Sn,Ti,
Ti,NiAl
Im3m 229 NiVv
Tiv
Pmam 51 orthorhombic
TiNigsCuy,
Pmmn 59 orthorhombic
NbNi,

“The default crystal structure type is cubic unless specified otherwise
under prototype.

against the International Centre for Diffraction Data (ICDD)
database.”” Results of the cluster analysis and phase
distribution in a ternary composition plot are shown in Figure
SSb,c and Figure 1, respectively. Selected diffraction patterns
representing phases present in the six groups defined by PCC
are shown in Figure 3. Crystal structures identified in this alloy
library are listed in Table 2. Depending on where a
composition was in the thermal cycle of the transformation,
we expected to identify cubic, monoclinic, or orthorhombic
structures for compositions exhibiting phase transformation.
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Figure 3. Selected X-ray diffraction patterns (wafer positions 94, 172,
91, 90, 89, 87, and 82 from top to bottom) representing phases
present in the six clusters identified by PCC arranged in ascending Ni
content. Patterns are offset for clarity.

Most common crystal type present was cubic austenite
structure Pm3m in the form of NiTi or Cog;sNiggsTi crystal
types and present in a single phase in only two compositions,
Ni,g ; Tigs3C046 and Niy, g Tig 3Coso (positions 163 and 172,
light blue cluster in Figure 1)—both of these also had near-
zero thermal hysteresis R(T) curves. The Pm3m phase is
present predominantly in a mixture with other cubic phases
Im3m and Fm3m, shown as dark green, light green, and red
groups in Figure 1. These were observed to have linear, non-
transforming R(T) curves (Figure S3). For compositions in the
Ni-rich region, mixed phases of hexagonal (prototype Ni,In)
and cubic (prototypes TiV, Co,NiGa, CoqsNiysTi, and
GaTiCo,) crystal structures were present, seen in red in
Figure 1. Rhombohedral Ni, Ti and Ni, Ti; structures were also
identified, 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 identified
as seen from light and dark blue patterns in Figure 3. A mixture
of hexagonal NiTi and cubic (CosNiTi,), for Nis; g Tig4Cos
(wafer position 162) also exhibited transformation with near-
zero thermal hysteresis. It is important to note that this is a
qualitative, not a quantitative assignment. Similarly, for
Niy, Ty 6Coy3(wafer position 90), where a potential two-
step transformation was observed, a mixture of hexagonal
Ti(Co,sNi;5) and cubic Pm3m, Im3m structures of the
prototypes Cog507Geg123Woo70 and Crgg75Tig 1,5 Were identi-
fied. Since our library explores a composition space not yet
reported, these and other prototype structures listed in the
table provide an understanding of the type of crystal structures
that may be present as we could not match every XRD peak
with a listing in the ICDD. Finally, the gray cluster in Figure 1
is defined by a non-crystalline phase in which broad peaks were
observed in the 26 range of 40° to 48° (gray pattern in Figure
3) that corresponded with linear, non-transforming R(T)
curves characterized by decreasing slopes. This gray cluster
forms a phase boundary separating NiTi—NiTi, double phase
for compositions rich in Ti (dark blue in Figure SSc), which
follows a distribution of Ti*" peak observed from XPS mapping
(Figure S6). Although no clear relationship could be drawn
between variation of Ni or Co content with phase trans-



formation, crystallographic evidence for SME could be
established, in agreement with theoretical and experimental
observations reported in the literature."'~'**®*>** These
results also build on the challenging work associated with
determining stable intermediate phases.”

B 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 different parts of the composition plot with very
little apparent connection to elemental variation. Of all the
cubic space groups, transforming compositions are comprised
of the Pm3m type in single phase or in mixture with Fm3m.
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 difficult to determine the exact
influence of composition on the presence of a particular crystal
type since these are not single phases. Furthermore, the
presence of additional phases may demand greater energy for
the SME phase to transform, thereby increasing the thermal
hysteresis width. This is supported by stable R(T) curves
having near zero thermal hysteresis for compositions
Niyg  Tigs3C06¢ and Niy, gTi;3C0s9 at positions 163 and
172 with a single crystal phase of NiTi or Cog;sNiggsTi types.
Fabricating a materials library having smaller concentration
gradients and centered around the composition space
identified to have narrow hysteresis coupled with temper-
ature-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 hysteresis in bulk is needed, thin films of
Ni—Ti—Cu and Ni—Ti—Cu—V have been successfully scaled
up and tested over many cycles.”””” 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). A cluster of XRD patterns reflects a similar distribution
across the wafer and forms a phase boundary separating NiTi—
NiTi, double phase for compositions rich in Ti (Figure SSc).
XPS mapping of the Ti*' peak across the wafer further
confirms this observation (SI Figure S6). 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 difficult to draw a definitive relationship between variation of
Ni or Co content with phase transformation, we establish
crystallographic evidence for SME, in agreement with
observations already reported in literature for other Ni—Ti—
Co alloys.''~"#%%%* Nonetheless, these results expand on the
challenging work of determining stable intermediate phases
reported previously.”’

B CONCLUSION

A combinatorial Ni—Ti—Co thin film materials library covering
a large composition space was synthesized using magnetron
cosputtering and annealed at 500 °C for 1 h in vacuum. Large
data sets of composition, transformation temperatures, and
crystal structure were obtained from high-throughput WDS
and XPS, four-point probe temperature-dependent resistance,
and synchrotron XRD measurements that enabled rapid

materials characterization and screening. Transformation
temperatures were probed in the —40 to +120 °C range to
screen for shape memory alloys that could be used in ambient
temperature applications. By employing combinatorial syn-
thesis and high-throughput experimentation, we demonstrate
the effectiveness 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:

e Chemical composition space bounded between 22.8 at.
% < Cy; < 72.8 at. %, 17.6 at. % < Cp; < 68.2 at. %, and
54 at. % < C¢, < 33.2 at. % was synthesized.

e Phase transformation was observed in compositions
beyond the range previously reported as Nig,  TisoCo,
(x = 0 to 10 at. %), with Co concentration between 5
and 26 at. %.

e A new compositional region having narrow thermal
hysteresis (AT between 0.5 and 2 °C) centered around
6 at. % Co in Ti-rich regions was identified.

e Transforming compositions are composed of mixtures of
cubic structures from Pm3m and Fm3m space groups as
well as orthorhombic and hexagonal structures.

e Non-transforming compositions were characterized by
crystalline mixtures of multiple cubic Pm3m phases,
Pm3m with Fm3m along with Im3m cubic phases in
addition to non-crystalline phases defined by broad XRD
peaks around 260 = 40°.

e Alloys with distinct XRD patterns for a single cubic
phase showed near-zero thermal hysteresis.

e 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.

B EXPERIMENTAL APPROACH

For ease of data management, all experiments were performed
with the long flat edge of the wafer positioned at the bottom.
Sample pads were numbered from left to right with 1 to $
parallel to the long flat edge and continuing to rows above
(Figure S1).

Magnetron Sputtering of Thin Films. Ternary thin film
composition spread between 150 and 250 nm was deposited
on a 3-in. diameter thermally oxidized (2 pm SiO,) Si wafer
(thickness 400 pm, IWS) in an ultrahigh vacuum (base
pressure: 5 X 1077 Torr, 6.6 X 10™° Pa) magnetron sputtering
system at room temperature. A patterned Si mask was placed
on the wafer to delineate 177 individual compositions evenly
across the wafer at a Ax, Ay of 4.5 mm. High purity Ni
(99.995%), Ti (99.995%), and Co (99.97%) targets (1.5 in.
diameter, 0.125 in. thick, Lesker) were co-sputtered with
ultrahigh purity Argon gas (99.9997%, Airgas) pressure of 5 X
1073 Torr (0.6 Pa). The thin film library was deposited over a
period of 51 min using a DC power source for Ni and Ti
sputtered at S0 and 100 W, respectively, and an RF power
source of 18 W for Co. 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.



Wavelength Dispersive Spectroscopy (WDS). Chem-
ical composition of the Ni—Ti—Co thin film library was
determined by using WDS in an electron probe microanalyzer
(EPMA) JXA 8900R Microprobe, with an acceleration voltage
of 15 kV. Calibration was done using polished pure metal with
an experimental error margin 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.®'

High-Throughput X-ray Diffraction (XRD) Measure-
ments. Structural information was obtained by X-ray
diffraction (XRD) measurements conducted at room temper-
ature at SLAC National Accelerator Laboratory beamline 1—5.
The 14.99 keV beam of wavelength 0.82657 A was collimated
to ~0.3 mm X 0.3 mm. An exposure rate of 30 s was used to
collect data on a MarCCD detector. A small grazing incidence
angle of 1-2° was used to scan the library and minimize
influence of diffraction from the silicon substrate.

Geometric parameters of 2D detector such as direct beam
position, rotation, tilting, and sample to detector distance was
extracted for data analysis using a LaB4 powder pattern. These
parameters were used to transform initial raw images that were
acquired as a function of Q and y in diffraction coordinate into
1D diffraction patterns by integrating and normalizing over the
x angle. Bragg angle (20) is related to scattering vector (Q) by
the relationship Q = 4 X 7 X sin(#)/4, with wavelength (4)
help to generate a more traditional 1D spectrum (intensity vs
20). These were then analyzed using EVA4 XRD software
(Bruker) and matched against the International Center for
Diffraction Data (ICDD) database.”’

Cluster Analysis of XRD data. An unsupervised machine
learning algorithm was used as an exploratory data analysis tool
as well as a phase mapping tool. A Pearson correlation
coefficient (PCC) clustering model was applied using Combi-
View, a MATLAB-supported data visualization platform
developed by the Takeuchi group. It used the criteria for
similarity and dissimilarity between input data such that data
grouped into a cluster share similar characteristics than data in
other clusters.”” For two spectra x and y having means % and 3,
PCC is defined as™®

S e-96-7)
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This clustering model was applied to the diffraction patterns of
the 177 points in the library.

High-Throughput X-ray Photoelectron Spectroscopy
(XPS). XPS analyses were carried out with a Kratos Axis
NOVA spectrometer using a monochromatic Al Ka source (30
mA, 15 kV). XPS can detect all elements except hydrogen and
helium, 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 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. The Kratos charge
neutralizer system was used on all specimens. Survey scan
analyses were carried out with an analysis area of 300 X 700
um and a pass energy of 160 eV. High resolution analyses were
carried out with an analysis area of 300 X 700 ym 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 (Table 3).

Table 3. XPS Species and Associated Binding Energies

photoelectron peak binding energy (V)

Ni 2p 853
Co 2p 778
O 1s 530
Ti 2p 455
Cls 285

For quantification, Shirley background subtraction removed
the contribution of inelastically scattered electrons. For
chemical state analysis, peaks were fitted with symmetric
Gaussian—Lorentzian components using the ESCApe data
system and were quantified using modified Wagner relative
sensitivity factors. Spatial distribution 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 analyzed as grouped data post quantification. A Delaunay
triangulation is fitted onto the acquisition locations.”” A
linearly interpolated color scheme is then applied to each
triangle based on the vertex values, each of which represents an
acquired atomic concentration value.

Four-Point Probe Resistance—Temperature R(T)
Measurements. Transformation temperature parameters of
Ay Ay My, M; and AT(A; — M,) were determined from
resistance as a function of temperature R( T) measurements. A
customized automated four-point probe test stand developed
at Ruhr Universitat Bochum was used to rapidly characterize
the entire library. On the basis of a measurement methodology
described by van der Pauw, the test stand has a probe head
mounted on a z-axis with S sets of four-point probes enclosed
in a box purged with N, gas.”***** Probe tips are spaced at
500 um and automated to measure resistance with a 50-mA
current source between —40 and +120 °C with a heating/
cooling rate of 5 °C/min. The library was subjected to 84
temperature cycles during this experiment.
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