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Next-generation high frequency, high power density, and high operating temperature electrical machines require
superior materials which possess an attractive combination of structural as well as functional properties.
Development of such new materials by conventional methods is very slow, expensive, and restricted to a few
compositions. Hence, we addressed this challenge by the accelerated assessment of multiple properties of a range
of Fe-Co-Ni based material compositions. We utilized the magnetron co-sputtering method to prepare compo-
sitionally modulated ternary Fe-Co-Ni thin film alloy (TFA) libraries. The structural, electrical, magnetic, and
mechanical properties of these libraries were assessed. The structure and properties were found to vary over a
wide range with composition and thin film processing parameters. The Fe-Co-Ni TFA library prepared at a
substrate temperature of 500 °C exhibited a good combination of multiple properties. The specific alloy
composition Nis4 9Cos31Fe;z was found to possess an attractive blend of properties. Thus, a rapid property
assessment of TFA libraries of a wide range of compositions and processing conditions was successfully used to
identify a novel specific composition and processing protocol which exhibited an attractive mix of properties.

1. Introduction

Materials play a vital role in electromagnetic and energy conversion
devices such as rotating electric machines, electrical transformers,
electromagnetic shielding components, sensors, actuators, magnetic-
MEMS, and magnetic recording media [1-6]. Such systems are used in
a very broad range of applications and industry verticals, e.g., electric
vehicles. There is an urgent demand for superior materials in next
generation technological applications, e.g., high frequency, high power
density, high magneto-mechanical response, high operating tempera-
ture rotating electrical machines. Multiple properties, such as mechan-
ical, electrical, and magnetic properties need to be satisfied for such
applications. The use of superior materials will improve service life,
performance and reduce greenhouse gas emissions and electricity con-
sumption. Electric motors account for a major percentage of electricity
consumption globally; improving their efficiency by just 1% would
reduce global power consumption by 94.5 TW-hours and the carbon
dioxide footprint by 60 million metric tons [7].
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Currently, there is no single alloy composition which possesses the
multi-property set needed to develop next-generation systems. For
example, a given alloy composition may have good magnetic properties
but display poor resistivity or inferior mechanical properties. The alloy
composition FeyoCogg exhibits the highest saturation magnetization (M)
[8,9], on the other hand, it is Ni-Fe alloys which exhibit high perme-
ability and low coercivity (H) [8,10]. Silicon steel (Fe-Si alloy) is a
different alloy family which exhibits high M; and relatively high elec-
trical resistivity (p) compared to binary Fe-Co and Ni-Fe alloys [11].
Since a single known alloy composition does not usually possess the
required set, it is necessary to deploy new techniques to identify novel
alloy compositions possessing an appropriate set of property values.

M, electrical resistivity, mechanical properties, Curie temperature
(T,) and H, are some typical properties needed for rotating electrical
machines [2-4,12-14]. For example, a magnetic high-entropy alloy
(HEA) based on the multi-component Fe-Co-Ni-Ta-Al alloy system [15]
could be processed to display better mechanical properties, although
accompanied by a small increase in coercivity. This set of change in
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properties was attributed to the formation of coherent and ordered
nanoprecipitates in the HEA matrix, these precipitates impeded dislo-
cation motion but did not significantly hinder domain walls. Thus,
exploration of a wide composition space, along with a range of
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processing parameters, holds the key to identifying novel material
compositions possessing an attractive property set.

Developing such new materials through the conventional methods of
synthesis and characterization is tedious, expensive, and most

|. High-Throughput Synthesis Method
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Fig. 1. Overview of synthesis, property assessment, and decision strategies used for compositionally graded Fe-Co-Ni thin film alloy (TFA) libraries. (A) Schematic of
magnetron co-sputtering deposition technique. (B) Variation of processing conditions via substrate temperature and annealing temperature for 5 TFA libraries. (C).
Schematic of a TFA library and notation used for characterization and property assessment. The techniques (D) Electron Probe Microanalyzer (EPMA), (E) X-ray
Diffraction (XRD), (F) Four-point probe, (D) Vibrating Sample Magnetometer (VSM), and (E) Nanoindentation used for rapid assessment of composition, crystal-
lographic structure, electrical, magnetic, and mechanical properties respectively. t);;, represents the time taken for characterization and property assessment for each

TFA library.
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importantly, very severely limits the possibility of exploring the vast
composition and processing space [16,17]. Hence, high throughput
methods of synthesis and characterization are essential to accelerate the
exploration of new materials [2,4,9,13,14,16,18-26]. High throughput
thin film methods have been deployed to discover new materials, e.g.,
Fey3.2C024 2115 ¢ and FegsCo1oPts with a magnetic moment higher than
Fe;oCosg [9], Fes1Co41Vg as a novel permanent material [14], and 2 at%
Ga-ZnO transparent conducting oxide for organic light emitting diodes
[16].

(Fe,Co)3Nb precipitates, formed in a Fe-Co matrix in a Fe-Co-Nb
thin film library exhibited both hard and soft magnetic behaviour [27].
A Ni-Ti-Cu (Ti = 65-67%, Cu = 0-4%) thermoelastic shape memory
alloy composition exhibiting a small thermal hysteresis width [28] was
identified by a combinatorial synthesis and high throughput property
characterization method. Novel shape memory alloy compositions
(Nizg_lTi64_3CO6_6 and N132.8T161.3C05.9) with near zero thermal hyster-
esis [29], and a NigoCrgg alloy compositions for corrosion resistant ap-
plications [30] have been identified using accelerated methodology.

Iwasaki et al. [9] used machine learning and ab-initio calculations to
explore the vast multicomponent Fe-Co-Ni-Ru-Rh-Pd-Ir-Pt alloy sys-
tem and predicted a specific composition, FegyCoislrsPt;, with high
magnetic moment. Combinatorial studies on Fe-Co-V, Fe-Ni, Fe-Co-Ni,
Al-Co-Ni, etc. thin film systems have been performed using high
throughput characterization techniques [14,19,24,31,32] Two amor-
phous phase regions (near the binary compositions FesyCosy and
FesoNisp) were identified in the ternary Fe-Co-Ni alloy system [32].

The novelty of this work is the rapid assessment of structural,
magnetic, electrical, and mechanical properties of ternary alloy
thin films. There has been no detailed study of ternary Fe-Co-Ni alloys,
although the counterpart binary alloys and single elements have been
examined [4]. The vast ternary composition-structure-property space
provides significant scope to discover new alloy compositions and pro-
cessing conditions with an useful combination of properties.

Hence, we present the combinatorial assessment of compositionally
modulated Fe-Co-Ni thin film alloy (TFA) libraries prepared using a
magnetron co-sputtering technique. The development of structural,
electrical, magnetic, mechanical and wear resistance property libraries
as a function of composition and processing parameters is described. The
optimum process parameters and compositions with balanced properties
are identified. Fig. 1 shows the schematic of the high-throughput syn-
thesis and characterization methodology, followed by the data analysis
strategy used to identify promising compositions.

2. Experimental methodology

Compositionally graded Fe-Co-Ni films were synthesized by DC
magnetron co-sputtering (Fig. 1(a)) using NiygFes; (purity >99.95%)
and Co (purity >99.95%) targets (Kurt J. Lesker Company, Jefferson
Hill, PA, USA). A power supply of 50 W was used for both targets. The
experiments were performed in argon atmosphere for a constant depo-
sition time. The sputtering chamber was evacuated to 6.67 x 10~° Pa
base pressure, deposition was then carried out at a working pressure of
0.67 Pa in flowing argon at a flow rate of 20 standard cubic centimetre
per minute (sccm).

Two experimental protocols were followed (Fig. 1(b)):

(i) Fe-Co-Ni TFA libraries were deposited on SiO5/Si substrates at
three different substrate temperatures (Ts): room temperature
(MLRT), 300 °C (MLg()()), and 500 °C (MLsoo); and

(ii) Fe-Co-Ni TFA libraries were deposited at RT and annealed at two
different temperatures (T,): 500 °C (MLsgo.sc) and 700 °C
(MLygo.sc) for 2 h in the sputtering chamber (SC) at a pressure of
6.7 x 107% Pa.

The chemical compositions of the films were determined using a
JEOL JXA-8530F Electron Probe Microanalyzer (EPMA). High-
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throughput X-ray diffraction (XRD) analysis of the compositionally
graded films was carried out using a Bruker D8 Discover diffractometer
using Cu Ka radiation. The operating voltage and current were 40.0 kV
and 40.0 mA, respectively. The morphology was examined by a Field
Emission Scanning Electron Microscope (FESEM) (JEOL JSM-7800F
Prime). The thickness profile was measured using an Alpha-Step D500
Stylus Profilometer (KLA Tencor, Milpitas, CA, USA) on a patterned
sample. This sample was prepared using the photoresist, AZ 5214 e,
followed by baking at 100 °C for 5 min to dehydrate. The photoresist was
lifted-off after co-sputtering by sonicating the wafer with acetone for 2
min, followed by isopropanol for 2 min.

A four-point probe tester (Keithlink) was used to determine the
electrical resistivity of the films at different positions along x = 0 mm
(Fig. 1(C)). The magnetic properties were measured by a Lakeshore
8604 vibrating sample magnetometer (VSM) for magnetic fields up to
10 kOe and 18 kOe for the in-plane (IP) and out-of-plane (OOP) ar-
rangements, respectively. The samples for this measurement were cut at
10 different positions along the diameter of the wafer, i.e., along x = 0
mm (Fig. 1(C)). The hardness and elastic modulus of similarly cut
samples were measured using a Nanoindenter G200 (KLA Tencor, Mil-
pitas, CA, USA) instrument, equipped with a Berkovich tip using a depth
control model for an indentation depth of 80 nm. An array of 10 points,
with each point 10 pm apart, was used to measure each composition of
the TFA library.

3. Results and discussion
3.1. Chemical composition analysis of the thin film alloy (TFA) libraries

Fig. 2(a) shows the composition profile of the TFA libraries (MLgT,
ML30, and MLsgg) along the diameter (x = 0 mm, Fig. 1(C)) synthesized
at three substrate temperatures (room temperature (RT), 300 °C and
500 °C). The composition profile of the MLgr TFA library is presented in
section S1 of supplementary information. As expected, in the MLz TFA
library, the cobalt content linearly decreased from the side of the film
near the cobalt target during deposition to the opposite side of the film
near the permalloy target, while the content of nickel and iron gradually
increased. The same tendency of elemental distribution was also
observed in the films deposited at higher substrate temperatures (MLggg
and MLsg). The Co content was slightly higher in the MLsqo film, while
the Ni content was higher in the MLz film. This effect can be attributed
to the higher desorption rate of nickel adatoms as substrate temperature
increases [33]. Fig. 2(b) shows the composition gradient of the three
different TFA libraries: MLgt, MLsg0-sc, ML700-sc. Annealing of these film
libraries did not significantly change the composition gradient.

3.2. Thickness profile of the TFA library

Fig. 2(c) shows the 3D colour map of the thickness profile of the MLgr
TFA library. Fig. 2(d) shows the variation of thickness with distance
along the diameter of the film, which corresponds to the thickness
profile along x = 0. It can be observed that the thickness profile is quite
symmetrical along x = 0. The slight differences can be attributed to the
non-uniform thickness and height of the mask. The average thickness of
the film is 817.7 nm. In Fig. 2(d), the sudden drop in thickness from —30
mm to —23 mm and from 30 mm to 26 mm can be attributed to the
combined effect of higher deposition at the edges due to the shorter
distance to the respective targets and mask shadowing at —23 mm and
26 mm. The thickness of the film measured at 30 mm was 916.5 nm and
at —30 mm was 875.8 nm. Moreover, from-13 mm to 16 mm, the
thickness of the film increased from 808.6 nm to 847.9 nm. These results
indicate that the deposition rate of the NiygFes; target is higher
compared to that of the Co target. The deposition rates of NiyqFeg; target
and Co target were determined to be 0.045 nm/s and 0.0034 nm/s,
respectively, which are in accordance with the thickness results.
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Fig. 2. Composition profile of TFA libraries (a) MLgrt, ML3g, and MLsog and (b) MLgr, MLsgg.sc, and MLygg.sc. (¢) 3D colour map of thickness profile and (d)
Thickness vs. position along x = 0 mm of TFA library MLgr. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)

3.3. Structural and phase analysis of the TFA libraries

Fig. 3(a)-(c) shows the XRD patterns of the TFA libraries MLgr,
MLgo0, and MLsg, along x = 0 mm. The compositionally graded TFA
library MLgy was amorphous (Fig. 3(a)) due to the limited surface
diffusion of adatoms [8], it falls under Zone 1 for the working pressure
according to the structure zone model (SZM) [34]. When T; was
increased to 300 °C (Fig. 3(b)), adatom diffusion increased, leading to
improved crystallinity. At this T; and working pressure, MLgqo falls
under Zone 1. A single-phase face centred cubic structure (FCC) with a
(111) texture was observed for all compositions.

T of 500 °C corresponds to higher Ts/Ty, (substrate temperature/
melting point of the deposited film material), referred to as Zone T in the
SZM. At 500 °C, sputtered particles have higher energy, resulting in
enhanced adatom mobility and diffusivity, giving rise to better crystal-
linity. The diffraction peaks grew sharper and peak broadening
decreased (Fig. 3(c)). The intensity of the FCC diffraction peaks gradu-
ally reduced with an increase in nickel and iron content.

Fig. 3(d) and (e) shows the XRD patterns of the TFA libraries MLsqg.
sc, and MLygo.sc. For both the cases, XRD patterns revealed two small
diffraction peaks, corresponding to the hexagonal closed packed struc-
ture (HCP) with (100) texture and FCC (111), at 20 of 41.8° and 44.2°,
respectively. As expected, the HCP phase is dominant on the Co-rich side
and gradually decreased towards the Ni-rich side, eventually dis-
appearing, corresponding to FCC phase formation. With an increase in
annealing temperature, the crystallinity of the film increased; the
diffraction peaks grew sharper, and the broadening of the peaks
decreased. The volume fractions of the HCP and the FCC phases were
determined at each scan position by Rietveld refinement and is pre-
sented in Table 1.

3.4. Film morphology

The SEM images of the Co-rich regions of MLgt and ML3gq (Fig. 4(a)
and (b)) revealed the formation of surface void networks [35] which can
be attributed to residual internal stress during the deposition process
[36]. MLggo exhibited a higher surface void network density. For MLsgg
(Fig. 4(c)), no surface void network was observed, this film exhibited
mostly a uniform morphology.

From Fig. 4(a), a maximum surface void network length (SVNL) and
width (SVNW) of 665.9 nm and 37 nm, respectively was observed for
MLgr. From Fig. 4(b), a maximum SVNL of 1.365 pm and a maximum
SVNW of 45 nm was observed for ML3gg. The surface void networks in
MLgoo were wider and longer than the surface void networks in MLgt.
MLgoo had a granular structure (average grain size = 98.6 nm) while
MLsgg (average grain size = 63.4 nm) and MLgy (average grain size = 69
nm) had a particle-like structure. MLspg.sc (Fig. 4(d)) exhibited more
surface void networks compared to MLgt. MLygg.sc (Fig. 4(e)) showed
equiaxed large size grains. After annealing, the films exhibited a larger
grain size, which increased with annealing temperature. The average
grain size of film MLrr was measured to be 69 nm, which increased to
82 nm and 152.5 nm for the films MLsgg.sc and MLygo.sc, respectively.
These results are summarized in Table 2.

3.5. Electrical resistivity of the TFA libraries

Fig. 5(a) shows the electrical resistivities (p) of all the composition-
ally graded TFA libraries, measured from the Co-rich side to the Ni-rich
side. The p values of the film were larger with an increase in T, from RT
to 300 °C. The films prepared at 500 °C exhibited the lowest p values.
The p values varied in the range from 244 pQ-cm to 288 pQ cm, from
314 pQ-cm to 420 pQ cm, and from 113 pQ-cm to 163 pQ cm for the TFA
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Table 1
Volume fractions and ratio of HCP and FCC phases at each scan position of
MLsoo.sc, and ML700-SC TFA libraries.

Distance (mm)  MLsgo.sc film library MLyq0.sc film library
HCP% FCC%  HCP/ HCP% FCC% HCP/
FCC FCC
-30 63.9 36.1 1.77 80.5 19.5 4.13
-20 58.7 41.3 1.42 58.9 41.1 1.43
-10 47.5 52.5 0.91 55.5 44.5 1.25
0 31.2 68.8 0.45 45.6 54.4 0.84
10 20.7 79.3 0.26 29.6 70.4 0.42
20 10.6 89.4 0.12 0 100 0
30 0 100 0 0 100 0

libraries MLgt, ML3o0, and MLsqg, respectively. The crystallinity of the
films increased as Ts increased from RT to 300 °C [37]. However, p
increased although the crystallinity improved, and the grain size was
larger. This effect is due to the formation of a higher surface void
network density at Ty = 300 °C compared to RT, as discussed earlier.
With a further increase of T to 500 °C, p reduced significantly due to the
uniform film morphology. Annealing the TFA library MLyt reduced the p
for all the compositions as a result of the increase in grain size, which
tends to lower p for metallic films [38,39].

For the TFA library MLsgg.sc, the p varied in a small range from 178
to 185 pQ cm for compositions varying from Cog 3Nis; oFess to
Nis; 6Co37.4Feq; and then decreased to the lowest value of 159 pQ cm for
Nisy.1Co30.6Fe12.3. The p of the TFA library MLyg.sc increased from 126
pQ cm for Cog; 3Niss oFeg s, reaching a maximum of 137 pQ cm for
Co4g.1Nigo 7Feg 5 and Coys¢Nigq gFeg ¢ and thereafter decreased to 118
pQ cm for Nisy1CospcFeias. In both the annealed TFA libraries, the
highest p was observed near the centre of the film. This can be attributed
to the dependence of p on the microstructure, interfacial boundaries,
grain size, and texture in multi-phase alloys [40].

3.6. Magnetic properties of the film libraries

Fig. 5(b) and (c) shows the in-plane (applied magnetic field is par-
allel to the surface of the substrate) coercivity (H.) and saturation
magnetization (M) of the TFA libraries. With increasing Ni content, the
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Fig. 4. SEM images of Co-rich section of various Fe-Co-Ni films: (a) MLgT, (b) ML3qo, (¢) MLsgg, (d) MLsgo.sc, and (e) MLygo.sc.
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in-plane H, decreased from 117.8 to 59.8 Oe in MLgr, from 155.1 to
56.9 Oe in MLgqg, and from 95 to 64.5 Oe in MLsggg. From MLg to ML3q,
the in-plane H, of the Co-rich compositions (from Cog; 3Nis3 oFeg g to
Coyg.1Nigp 7Feg 2) increased and the in-plane H, of the Ni-rich compo-
sitions (from Nis; ¢Co37.4Fe; to Nisy1Cosgg¢Feis3) decreased. From
MLgpo to MLsgg, the in-plane H. of the Co-rich compositions (from
Cog1.3Niz3 oFeg g to Coyg 1Nigy 7Feg ) decreased and the in-plane H, of
the Ni-rich compositions (from Ni47.1C042 gFejo.1 to Nisy.1Coszp ¢Fe12.3)
increased.

The in-plane H, of Co-rich compositions (from Cog; 3Ni33oFeg g to
Coyg 1Nigo 7Feg ) of the TFA library MLsgg.sc decreased compared to
that of the TFA library MLgt. For Ni-rich compositions in this annealed
film, the in-plane H, changed by less than 3 Oe, except for Nisy 1C-
030 6Fe12.3 where the in-plane H, increased by 10 Oe, compared to that

Table 2
Morphology, grain size, maximum surface void network length (SVNL), and
maximum surface void network width (SVNW) of the TFA libraries.

Maximum
SVNW (nm)

Maximum
SVNL (nm)

Film Morphology Grain
library size
(nm)

Particle-like structure 69 665.9 37
with some surface
void network
formation
Large granular 98.6 1365 45
structure with
moderate surface
void network
formation
Uniform, spherical 63.4 - -
particle structure
(e) ML500- Granular structure 82 - -
SC with high surface
void network
formation
) ML700- Non-uniform, 152.5 - -
SC equiaxed large
particle structure,
high density of
surface void
networks

(a) MLRT

(b)  ML300

(o) ML500
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of the film MLgr.

The in-plane H, of the compositions of the TFA library MLygg.sc
increased compared to that of the TFA library MLgr, except for
C048‘1Ni42.7F89.2, Ni51,5C037,4F611, and Ni55,4C032,6F812 wherein the in-
plane H, decreased slightly. Moreover, the in-plane H, of the composi-
tions of TFA library ML;q.sc was higher compared to that of TFA library
MLsoo-sc, except for Niss 4Cosz ¢Fer2 and Nisy 1CosoeFe1s.3 wherein it
decreased slightly.

Overall, it can be observed that the Co-rich compositions have higher
in-plane H, compared to that of Ni-rich compositions. This can be
attributed to the higher magnetocrystalline anisotropy of Co compared

to Ni and Fe in the FCC phase [4,41,42]. Additionally, in the HCP phase,
due to the combined effect of shape and magnetocrystalline anisotropy,
the coercivity tends to be higher [43,44], hence the high coercivity
values of high HCP/FCC volume ratio compositions compared to low
HCP/FCC volume ratios.

The in-plane M; of the TFA library MLgy initially decreased from 833
to 639 emu/cc with decreasing Co content until the Coyg 1Niso 7Feg o
compositions, where the Co and Ni content are almost equal, and then
increased from 645 to 688 emu/cc with increasing Ni content. For
ML3g, the in-plane M; varied in the range from 568 to 708.3 emu/cc.
For MLsqo, the in-plane M; varied in the range from 579.4 to 787.8 emu/
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cc. For MLsgg.sc, the in-plane M varied in the range from 605.4 to 912.6
emu/cc. For MLygo.sc, the in-plane M; varied in the range from 459.2 to
845.6 emu/cc. The out-of-plane H, and M; of the TFA libraries are dis-
cussed in the section S2 of supplementary information.

3.7. Mechanical properties of the film libraries

3.7.1. Nano hardness

The nanohardness of the TFA libraries MLry, ML3gg, and MLsgg
(Fig. 5(d)), increased with higher T due to the better crystallinity, as
mentioned before. The nanohardness varied in the range 3.42 +
0.54-3.69 + 0.47 GPa, for MLgt, 4.87 + 0.33-5.55 + 0.27 GPa for
MLggg, and 6.43 + 0.41-7.14 + 0.24 GPa for MLsgo. For the TFA li-
braries MLyt and MLgq, the Cog;.3Nis3 oFeg g composition exhibited the
highest nanohardness. However, in MLsgo, this composition exhibited
the lowest nanohardness. Ni47 1C045 gFeqo.1 exhibited the lowest nano-
hardness for the TFA libraries MLgr and ML3gp and a low nanohardness
value for MLsgo. The nanohardness of TFA libraries MLsg.sc and ML7qg.
sc (Fig. 5 (d)) are higher compared to that of the TFA library MLgr. The
nanohardness varied in the range 3.93 + 0.59-4.67 + 0.3 GPa for
MLs00-sc and 3.6 + 0.8-4.91 + 0.53 GPa for ML700-sc.

After annealing, the nanohardness of MLyt increased due to the
transformation of the amorphous phase to the crystalline phase [45].
With an increase in annealing temperature from 500 °C to 700 °C, the
nanohardness decreased for the composition range (Cog; 3Nis3 oFeg g to
Nig7.1Co42.gFe1¢.1) which exhibited a two-phase HCP and FCC structure.
This can be attributed to the increase in the HCP phase volume fraction
for higher annealing temperature. An exception was Co4g 1Nigz.7Feg 2
which showed increased nanohardness, from 4.5 4- 0.32 GPa to 4.62 &
0.49 GPa. For the composition range Niss7Cos4gFej;5 to Nisy 1C-
030.6Fe12.3, with an increase in annealing temperature from 500 °C to
700 °C, the nanohardness also became larger. These compositions
exhibited the FCC phase and higher crystallinity at larger annealing
temperatures.

In the TFA library MLsgo.sc, the compositions consisting of a single
FCC phase show lower nanohardness compared to those compositions
which consist of a two-phase HCP and FCC structure. However, in the
TFA library MLygo.sc, the composition consisting of single FCC phase
show higher hardness compared to the compositions consisting of mixed
HCP and FCC phase structure.

3.7.2. Elastic modulus

The elastic modulus of the TFA libraries MLgt, ML3gg, and MLsqq
(Fig. 5(e)) initially decreased with a change in T from RT to 300 °C and
then increased with a further change in T from 300 °C to 500 °C. The
only exception is for Nisy 1 Cosg cFe12.3, whose elastic modulus increases
from 119.41 + 13.92 GPa to 128.21 + 7.87 GPa and further to 142.44
+ 8.01 GPa with increasing Ts from RT to 300 °C and further to 500 °C,
respectively. The elastic modulus varied in the range 119.41 +
13.92-138.72 + 14.11 GPa for MLy, 111.91 + 5.1-128.21 + 7.87 GPa
for MLggo, and 137.3 + 3.03-147.98 + 2.99 GPa for MLsgg. The elastic
modulus of the TFA library MLsgo.sc increased compared to that of
MLgt, except for Cogi 3NigsoFegg and Niss 4CosagFers. The elastic
modulus of the TFA library MLyg.sc increased for Cog; 3NissoFeg s,
decreased for lower Co content until Nigy;Co4ogFeqg1, and finally
increased for higher Ni content compared to that of MLsgo-sc

The compositions for which elastic modulus decreased with higher
annealing temperature exhibit a two-phase structure. This change may
be attributed to a change in texture or an ordering transformation at
high temperatures [21,46]. There is no significant change in elastic
modulus values with change in composition in a single TFA library.
However, the elastic modulus of a given composition does vary with a
change in substrate temperature and annealing temperature.

3.7.3. Wear resistance and yield pressure
Apart from nanohardness and elastic modulus, nanoindentation can
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be used to determine other parameters related to the service life [21,
47-49]. A material with higher hardness can exhibit better wear resis-
tance [50]. The ratio of nanohardness and elastic modulus (Hy;/4),
which describes the material’s ability to resist elastic strain to failure, is
also related to the wear resistance of the material [21,47,48]. A
parameter, Hy, /22 (known as yield pressure), indicates the material’s
ability to resist plastic deformation [48,49]. Fig. 5(f) and (g) displays the
Hyi/4 and H3; /Az of the various TFA libraries. For higher T, both these
ratios increased, indicating better wear resistance and plastic deforma-
tion resistance. The only exception is the decrease of Hyj/i for
Cog1.3Niz3 oFeg g with an increase in Tg from 300 °C to 500 °C. The ratio
Hyr /2 increased upon annealing of the TFA libraries but does not change
significantly at higher annealing temperature.

The ratio Hy;/ 42 increased for the TFA library MLsgg.gc compared to
the TFA library MLgr. However, on increasing the annealing tempera-
ture from 500 °C to 700 °C, H3, /4> decreased in the composition range
Cog1.3Nisz3 oFeg g to Cosg gNigg 7Feg 7 and then increased for the compo-
sition range Coyg 1Nis27Feg o to Nisy 1CospeFeia.s. The highest HNI/ﬂ
and H3, /22 is observed for Nis;.1C039 ¢Fe;2.3 of the TFA library MLsgo.

3.8. Consolidated property set

Selected results are summarized in Fig. 6. Fig. 6(a) shows a donut
heatmap of several properties, including electrical resistivity (p), in-
plane M, H,, nanohardness (Hy;), elastic modulus (1), Hyi/4, Hf\'”/lz,
and cost of the TFA library MLsgo. The properties are min-max scaled
between 0 and 1. Among the five material libraries, the TFA library
MLsoo exhibited highest crystallinity, the most uniform surface
morphology, highest values of mechanical and wear resistance proper-
ties (including Hyj, 4, Hyy/4, and Hf(” /22), lowest in-plane H, values, and
moderate p values. Fig. 6(b) shows the variation of various properties
with composition of the MLsg film library stacked along the y-axis. The
property values in this plot are not normalized, unlike the donut
heatmap.

The Nisy 9Coss.1Fe12 composition exhibited the highest values of
hardness, wear resistance, yield pressure; lowest values of H, cost, p;
and moderate values of 1 and M;. The electrical resistivity (113 pQ cm) is
higher than the values of permalloy thin films (57 pQ cm for 15 nm thin
films and 31 pQ cm for 30 nm thin films) [51] and similar to the cor-
responding values for permalloy thin films with the addition of V, Mo,
and W (103 pQ cm for NigsFeioV7, 128 pQ cm for Nigs sFe; §Mog g, 145
pQ cm for Nigs sFey 6Wg 9) [52]. Thus, we have identified a composition
with an attractive combination of properties: moderate to high M, p, 4;
low H; high Hy;, wear resistance, and yield pressure, which makes this
composition a promising candidate for applications in electrical machines.

Nis3Coss 4Fe11 ¢ is another promising composition with low values of
H, and cost and moderate values of M, mechanical properties, and p.

The Co rich composition Cosg 7Nig3 2Fe7 5 shows moderate values of
mechanical properties, Ms, and high values of H. and p which can be
useful. e.g., as a semi-hard magnetic material for magnetic recording
media [53], electronic article surveillance devices [54], hysteresis motor
[55], or magnetorheological actuator [56]. A drawback is the high cost.

Thus, new alloy compositions with the desired combination of
properties could be identified by combinatorial co-sputtering of mate-
rials libraries spanning a broad ternary composition space and various
process parameters.

4. Conclusions

A combinatorial synthesis of compositionally graded Fe-Co-Ni TFA
libraries processed by magnetron co-sputtering was conducted. Their
structural, magnetic (in-plane M; and H,), electrical (p), and mechanical
properties (Hyy, 4, Hyi/2 , Hf;” /22) were rapidly evaluated.



S.P. Padhy et al.

Compositions

(a)

co 3;:5.1N i 54.959,2

/C° 35./6N i Slfev;,; )

GouwaNiaaFe,, -
“c 0/‘2:7Eiﬂfe1o;

“cousaNiuoFe,
CogNiyFe ™
NigsoFe

. T 9
”(’;0/§5N|.30.9;Fes‘ >

- CVO 52.6

Results in Materials 14 (2022) 100283

s 10 "
ge o
So 12 —
e —a
< .
x 8
18 .
<F 16 — —y”
Sa s
TS 14 /' N—T
T 12
5.1 .
y
<y 48 IS U e
T %45 /
o
42

, 8765
= 2680 n—p—
8505 .\'\-\ "
9
=88] "
©® I
T o e —a
66 e
- .
F = 160 BN
o @ O140] = -
c & —a.
£ 2 120 N
3 100
[
s 0.50 % 60 .
£ S . L
£
8 0.37 5 2 Co
g 0.25 <0 ke
a : 30 251510 -5 5 10 15 25 30

0.12 Position (mm)

0.00
Min

Fig. 6. Consolidated composition and properties of MLsgo TFA library. (a) Donut heatmap (0 — minimum and 1 — maximum) and (b) stacked y-axis plot. Notation:
electrical resistivity (p), coercivity (Hc), saturation magnetization (Ms), nanohardness (Hyp), elastic modulus (1), wear resistance (Hy;/4), yield pressure (H,?,,/ A2).

A significant variation in H, with a change in composition and pro-
cessing temperature was observed. p varied significantly with a
change in processing temperature. Hy; and 4 varied substantially
with a change in substrate temperature.

The Fe-Co-Ni TFA library sputtered at T = 500 °C showed a good
combination of magnetic, mechanical, and electrical properties.
Nis4 9Co33 1Fe 2 exhibited high values of Hyy, Hyi/4 , H13\11 / 22, lower
values of H. and moderate values of p, M 4, which can be suitable for
high wear resistance and strength applications such as high fre-
quency transformers, electric motors and inductors used in extreme
service conditions.

Cosg,7Ni33 oFey 5 exhibited moderate values of My, A, Hyy, Hyr/ 2, Hy;/
22, H,, and p, which can be suitable for disc drive, hysteresis motor,
and actuator applications. Thus, combinatorial TFA libraries can be
developed for rapid assessment of structural, magnetic, mechanical,
and electrical properties over a broad composition and process
parameter space.
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