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ABSTRACT

Current methodologies for the development of new alloy systems and exploration of their
properties are the rate-limiting step to meet application requirements for new end-use cases
such as the replacement of AI-Si alloys or materials for extreme environments. A
methodology for the rapid design of next generation alloy systems is also not well
established. Thus, this work utilizes a gated down selection approach to develop and
implement an accelerated material discovery process to address new and critical needs.
Here, combinatorial sputtering is leveraged as the initial gate for down selection. Co-
sputtering has been shown to be an effective rapid materials discovery process as it
achieves thin film compositions that cover a large composition range while allowing for
the realization of metastable and equilibrium material configurations. Thus, it may be
leveraged to rapidly survey a wide composition space to identify suitable candidates that
meet programmatic requirements relating to properties such as coefficient of thermal
expansion and mechanical properties. Experimental techniques such as scanning electron
microscopy (SEM), energy dispersive x-ray spectroscopy (EDXS), x-ray diffraction
(XRD), temperature dependent XRD (TDXRD), and nanoindentation will be leveraged to
fully characterize the combinatorial libraries and identify compositions that demonstrate
unique or interesting properties. Upscaling into traditional metallurgy can then be utilized

to confirm and further characterize these compositions of interest.
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INTRODUCTION

Motivation

The primary motivations for this research are: (1) demonstrate the efficacy of the
combinatorial thin film approach for mechanical alloy design, (2) identify methods that can
characterize properties of interest to mechanical alloy design that are accessible from thin
film materials, (3) rapidly explore new phase spaces for alloys of interest, which
collectively (4) advance the Critical Materials Institute’s mission to accelerate innovative
scientific and technological solutions to develop resilient and secure supply chains for rare-
earth metals and other materials critical to the success of clean energy technologies [1] and

advance the UT-MRSEC Center for Advanced Materials and Manufacturing mission.

Thin Films

A thin film is a geometric configuration of a material in which one dimension, the
thickness, is significantly reduced, typically on the nanometer scale up to a few microns.
The thickness component is defined as the dimension normal to the supporting substrate.
There are a myriad of experimental techniques that can be used to generate thin films.
Techniques for generating films are typically subdivided into two categories: chemical and
physical. The main chemical techniques include chemical vapor deposition, plasma
enhanced chemical vapor deposition, laser assisted chemical vapor deposition, sol-gel,
spray pyrolysis, and spin coating. Physical techniques are typically sputtering via direct

current, radio frequency, magnetron, or ion beam, and evaporation through thermal, laser,
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Figure 1. Schematic of a DC/RF magnetron combinatorial sputtering system in operation [2]



or electron beam. Physical deposition techniques, namely sputtering, will be leveraged for

thin film growth in this dissertation.

Sputtering

The general concept of sputtering is the physical ejection of particles from a solid surface
of a material, known as a “target.” The particles are then condensed onto a substrate to
create a film. The process begins via the evacuation of a chamber to high vacuum (~3x10"
" Torr for our system) to reduce the number of unwanted collisions and impurities during
the sputtering process. An inert gas, such as Argon, is then flowed into the chamber near
the target and a bias is applied to generate a plasma. The bias can be applied via direct
current or alternating current depending on the conductive nature of the target species. The
ionized Ar atoms from the plasma are attracted to the negatively biased target, which results
in a collision and ejection of target species atoms which forms a physical vapor of the
desired element. The atoms are ejected in all directions (with a typical cosine distribution),
and thus some are directed toward a substrate in close proximity. The vapor subsequently

condenses onto the substrate, thus generating a film [3].

Combinatorial Approach

Combinatorial sputtering can be leveraged as a convenient tool for rapid material discovery
as it can achieve thin film compositions that cover a large and tuned composition range.
Higher complexity, combinatorial films can be attained through additional sputtering
targets and power supplies. Appropriate configuration of the additional sputtering targets
can create a wide compositional gradient across a single wafer. Alternatively, the substrate

3
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can be rotated to generate a film of uniform composition and thickness. A schematic of a
combinatorial system in operation can be seen in Figure 1. Further, the high energy
deposition process and fast cooling rates of the energetic sputtered species allows for the
realization of metastable material configurations, for example supersaturated solid solution
found in various as-deposited sputtered alloys [5,6]. Subsequent annealing can be utilized
to achieve the equilibrium state of the system through recrystallization, grain growth, and

phase separation [7,8].

Sputtering Simulation

The high throughput, combinatorial approach to binary and higher order alloy systems will
be aided by a computer simulation, which can predict the composition and thickness
profiles across a 100 mm wafer. The geometry of the sputtering chamber, the relevant
distances, and angles to the substrate holder in our specific chamber are the important
variables in the construction of the model. A schematic of the sputtering geometry along
with the important chamber geometries is shown in Figure 2 though it should be noted this

schematic is not to scale [4].

For this model, the four sputtering guns were modeled as an individual Knudson surface

source, where the sputtering flux per unit area is given by the equation [9]:

dMs; _ Mr(n+1)cos™¢cosO
dAs 2112

1)

where dMs/dAs is the mass deposited per unit area, M is the total sputtered mass from the
target, ¢ is the angle between the target surface normal and a line extending from the center

5



of the target to a fixed point on the substrate surface, and n is the degree of flux forward
peaking. Due to the targets being placed inside 50 mm tall stainless steel chimneys to avoid
cross-contamination, the value of n has been determined experimentally to be ~12 [4]. In
our system, the sputtering guns are not perpendicular to the substrate; therefore, 0 is
introduced as the angle between the substrate surface normal and a line extending from the
center of the target surface to a set point on the substrate surface. Finally, r is the distance
from the center of the target to a fixed point on the substrate surface. Good agreement has
been shown previously between the simulated and experimental composition and thickness
profiles [5,6,10]. To account for the multi-element targets to be utilized in this
investigation, the duplicate Knudson surface sources were overlapped so that there were
two (or more) sources at each gun location to account for multiple species being sputtered.
The flux from these targets were then split between the two sources according to the atomic

ratios within the alloy target. More complex alloy targets can be estimated similarly.

Bulk Synthesis

Once compositions of interest are identified through the combinatorial approach, bulk
samples will be generated through arc casting with an Arcast Arc 200 Cold Crucible Arc
Melting Furnace. Compositions will be weighed out from pure element constituents and
Al-based master alloys. 60 g to 100 g charges will be used based on the target composition
(alloy versus pure intermetallic, respectively) and mold geometry. Once the charge is
loaded, the chamber will be evacuated and backfilled with Argon. This evacuation/backfill
procedure is repeated three times to reduce the partial pressure of atmospheric gases that

can contaminate the alloy. The charge is then melted, mixed, and flipped until the materials
6



are fully integrated. At this point, the molten material is tilt poured into a predetermined
mold geometry and allowed to cool. Subsequently, the sample will be prepared for a variety

of tests including SEM, XRD, EDS, indentation, and scratch testing.

Coefficient of Thermal Expansion

The coefficient of thermal expansion (CTE) is a material phenomenon that is defined by a
material’s dimensional response to an exterior, applied heating or cooling source. This
phenomenon is critical to processes at elevated temperatures as the change in dimension
with temperature affects operational tolerances and if excessive, can lead to failure [11,12].
Additionally, for parts that have cyclic temperatures, the induced thermal stresses can cause
thermal fatigue, which can lead to the formation of defects and ultimately failure [13]. The

linear coefficient of thermal expansion, a, is defined as:

— (L—Lg)/Lo
(T-To)

()

where Lo is the original dimensional length at the nominal temperature To, and L is the
dimensional length after expansion by changing the temperature of the system to

temperature T. Similarly, the volumetric coefficient of thermal expansion, B, is defined as:

_ (V=) /Vo
B = (T—To)

(3)

where the change in volume is measured rather than a singular dimension, L. For isotropic

materials:

’8 = 3« (4)
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which holds true at singular temperature instances but is more complex over a temperature

range.

Laser Annealing

Material processing utilizing high power laser diodes have been routinely performed for
several decades now with the first report coming in 1991 for soldering [15]. Since then, the
use of laser systems for processing has expanded to include transformation hardening,
welding, surface melting, engraving, machining, sintering, and thermal annealing among
others [16,17]. Combining in situ laser processing with a scanning electron microscope
and/or a focused ion beam allows for sample heating and enhanced ion beam induced
deposition or laser assisted chemical vapor deposition which has been demonstrated
previously [18,19]. Further, this combination allows for real time monitoring of
microstructural development or film dewetting as well as characterization of the chemical
(EDS) and structural (BSD) makeup of the film. A schematic of the optical laser system
that will be leveraged in this study can be seen in Figure 3. The spot size of this laser is
approximately 100 microns which allows for localized annealing of the film and

temperature gradient effects to be investigated.

Literature Review

Thin films for rapid material discovery

Combinatorial physical vapor deposited films can be leveraged as a rapid materials
discovery and optimization process in mechanical alloy design. This is done through the

synthesis of a wide targeted composition range in combination with high throughput
9



screening methods to enhance understanding of composition-structure-property
relationships to identify compositions with desired properties [20,21]. This approach was
first developed in the 1960’s as a way to explore isothermal ternary phase diagram spaces
[22] and was further realized to search for new superconducting materials [23]. Since then,
this technique has been employed for a variety of material discovery processes. One of the
primary use cases for the combinatorial approach is in the development of functional
materials such as the superconducting materials previously mentioned. Other work in this
area includes transducer materials [24], hydrogen storage [25], fuel cell electrodes [26,27],
and lithium-ion battery electrodes [28]. Another interesting use case of thin films for rapid
alloy assessment is for optical data storage utilizing phase change materials [29,30]. In the
post-Covid onset world, anti-microbial material properties have also been of interest. The
rapid solidification into metastable materials and the discovery process utilizing thin films
can be used to investigate these properties [31] to limit transmission of pathogens in high
traffic touch surfaces such as doorknobs, countertops, and handrails among others. The
combinatorial thin film approach also allows for sustainable development of new alloys.
Traditional bulk metallurgy techniques have high time, energy, and material demands.
However, the combinatorial approach reduces all three of these demands allowing for a
faster, more sustainable methodology [32]. Once composition ranges of interest have been
identified more conventional methodologies can be leveraged to establish the structure-

processing-properties relationship.

Combinatorially synthesized films have also been utilized in mechanical alloy design for

mechanical, thermal, and corrosion property as well as microstructure determination. It has

10



been proven to be a powerful tool in understanding the composition-structure-property
relationship and identify composition ranges of interest for enhanced or unique material
properties [33]. Previously, Al-Si alloys have been investigated using the combinatorial
thin film technique. Al-Si alloys are of interest especially in the automotive industry due
to their high strength-to-weight ratio, thermal conductivity, and thermal expansion [34].
This system has thus been further investigated to understand the role of Si content on the
mechanical properties as well as influence on microstructure. OIk et. al. investigated Si
contents from approximately 15 to 85 at.% Si combinatorially and showed a strong
dependence of phase formation and hardness on the Si content [35]. Further work by this
group investigated the microstructure and the ability to tune it in the Al-Si system. Here
they showed that an amorphous phase a-(Al-Si) and a mixed phase a-Si + c-Al containing
atunable Al grain structure and systematically engineer the sample surface can be produced
[36]. This work was done in parallel with nanoindentation to aid in identifying new
compositions regions of interest. Combinatorial, nanoindentation work has also been
performed in the Ti-Al system. One study explores this system from ~0 to 35 at.% Al with
near uniform thickness of around 900 nm and demonstrates that thin films can be leveraged
to track mechanical property changes over a composition gradient using nanoindentation
[37]. Further studies have been performed to understand the interaction effects between the
film and substrate on mechanical property determination. As expected, the interaction is
dominated by the thickness of the deposited film. However, parameters can be adjusted
and thickness-corrections applied to accommodate the substrate interaction zone [38,39].

Additionally, corrosion behavior can be effectively investigated utilizing the combinatorial
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thin films rapid material discovery technique [41]. This approach has been applied to a
variety of alloy classes. High Entropy Alloys (HEAS) have been investigated using this
technique as the optimization and development of these alloys can prove difficult and time

consuming using conventional metallurgical techniques [42].

Coefficient of thermal expansion determination

A variety of techniques have been utilized to investigate the coefficient of thermal
expansion of a given bulk material [43]. ASTM standard E831 covers thermomechanical
analysis techniques for CTE determination of bulk materials [40]. This methodology can
be used in a temperature range from -120°C to 900°C for ~10 mm test specimens with
CTEs higher than 5x10° /K when subjected to a constant heating rate of 5°C/min over a
desired temperature range. The apparatus consists of a rigid specimen holder — with a low,
known CTE, rigid expansion plate, sensing element, wight or force transducer, furnace,
temperature controller, temperature sensor, means of sustaining an inert atmosphere, a data
collection device, and a micrometer. The data is collected electronically, and a plot as
shown in Figure 4. Sample graph of expansion versus temperature from thermomechanical
CTE measurements [40] is generated. The mean CTE is then extracted using equation 2
after which a correction can be performed to remove the substrate interaction. For greater
accuracy, a more detailed method utilizing push rods is established in ASTM standard

E228 [44].

For thin films, a different strategy needs to be employed. Due to the dimensional limitations

of a thin film, conventional dilatometry and optical techniques cannot be applied to films.
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One common technique is non- ambient or temperature-dependent x-ray diffraction
(TDXRD). In this approach, x-ray diffraction is used to determine the lattice parameters of
the phases present and the changes to those lattice parameters over a given temperature
range. A variation of equation 2, replacing length with d-spacing, is used to calculate CTE
from TDXRD data. These parameters can be extracted from peak positions based on
Bragg’s law or through a Rietveld refinement program. This approach also allows for the
investigation of anisotropy in the coefficient of thermal expansion. Previous work with
pure Cu, Ni, and Pd deposited on Si substrates shows that the thin film CTE values are
consistent with bulk values once annealed to allow for the relief of stress in the film
generated during deposition [46]. However, there are concerns about substrate interaction
effects on the CTE of the film. Another previous work investigating Ag films on two
different substrates (SiO2 and PEN), studied thickness dependency of CTE value. It was
determined that a Poisson correction can be applied to CTE values for films thinner than
~300-350 nm which accounts for the CTE mismatch between the film and substrate making
it consistent with bulk values [47]. The more standard dilatometry techniques will be

utilized for bulk alloys generated based on the films to determine the composite CTE value.

The temperature-dependent x-ray diffraction approach has also been utilized for bulk
materials in studying thermal expansion of alloy systems with intermetallics. A novel
characteristic of this technique is that the thermal expansion of individual phases can be
determined rather than only the bulk composite CTE value [48]. It should also be noted
that the phases are shown to expand independently. This technique has already been

leveraged in investigating Al-based alloy systems [45]. In this investigation, several
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intermetallics were formed including: Al.Cu, AlzNi, AI3Ni2, AlzCusNi, AlgFeNi and a-
AlFeMnSi. Peak shifts in the combined TDXRD pattern allow for the determination of the
CTE of each individual phase. Through Rietveld refinement, the average across all peaks
for a given phase can be determined as well of the phase fraction to estimate the bulk CTE
value. An example TDXRD pattern is shown in Figure 5. Sample TDXRD pattern that
identifies several phases from [45]. Post-thermal cycling SEM imaging can reveal

deformation due to phase CTE mismatch.

Another technique to be considered for CTE determination of thin films employs
micromachined cantilever structures [50]. One benefit of this approach is that it can be
applied more broadly to non-crystalline materials. The microcantilevers are generated
using a process similar to the one shown in Figure 6. Cantilever preparation process and
resulting structure from diamond films for thermal property determination [49]. For a
cantilever structure, when the temperature is raised by some AT, the length of the cantilever
changes on the free end by some corresponding AL. Thus, the coefficient of thermal

expansion, a, can be calculated using:

AL = aL,AT (5)

where Lo is the initial length of the structure. However, the change in length corresponding
to a 100°C change in temperature for a 200 micron long SiO- cantilever is approximately
0.01 microns [50] which cannot be measured accurately by optical methods. The beam out-
of-plane deflection alternatively can be measured directly by optical means and related to
the CTE value. Further the microcantilever approach can be leveraged to measure thermal

conductivity [49,51]. Factors such as film thickness and deposition parameters have also
17



been shown to influence the experienced CTE value in films [52]. As such, these variables

should be taken into account when growing the film.
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Abstract

AlxCe10-x thin films with a composition range of ~75.0<x<99.5 at. % (36.5<x<97.5 wt. %)
were synthesized via combinatorial co-sputtering from an Al and an AlsoCeso target. The
crystal structure, phase fraction, film morphology, electrical resistivity, and temperature-
dependent coefficients of thermal expansion (CTE) are all correlated to the AlxCe1oox
composition. The as-deposited films form a metastable solid-solution, and annealing leads
to the formation of the thermodynamically stable two-phase system of Al and the a-Al11Ces
intermetallic. Temperature dependent x-ray diffraction (XRD) reveals that the two phases
expand independently of one another, and the thin film Al temperature-dependent CTE is
similar to bulk Al. The thin film Al11Ces intermetallic phase has a nearly constant CTE of
~1.5x107°/°C within the temperature range studied (25-550°C). To confirm the thin film
Al11Ces results, bulk stoichiometric Al11Ces and +/- 1 wt.% Ce samples were prepared and
the CTE of each was measured with the same conditions. A Rietveld analysis of the bulk
data enabled an estimation of the CTE in each of the 3 orthorhombic lattice parameters,
which displayed anisotropic behavior. The thin film and bulk CTE measurements were in
very good agreement. Estimations of the temperature dependent CTE of the two-phase
alloys are made via the Reuss and Voigt models. By demonstrating the efficacy of the
approach, more complex multi-component rapid materials discovery of low CTE Al-alloys

can be pursued via the combinatorial thin film synthesis and XRD measurement.

Introduction

Alloying aluminum with cerium in the range of 6-16 wt. % (1.2-3.5 at. %) has recently

been shown to significantly improve the high temperature mechanical properties,
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castability, and thermal stability relative to existing aluminum alloys [53,54]. Traditional
aluminum alloys have been of interest in the automotive industry where factors such as
weight, high-temperature performance, and cost play an important role in determining
attainable fuel efficiency. Existing aluminum alloys meet the weight and cost requirements;
however, they lack the necessary high-temperature performance required as the demand
for higher power throughput and fuel efficiency continues to increase. Cerium-based
aluminum alloys have been shown to maintain the weight and cost-savings of traditional
aluminum alloys while providing high-temperature stability due to the formation of
intermetallic phases [55-57]. Recently, the Al-Ce alloy system has also been of interest as
a surface coating for corrosion resistance [58,59] where it has been shown that the Al-Ce
alloy system creates a Ce-rich outer passivation layer, which limits the reduction of the Al

matrix [60].

Al has a face-centered cubic (FCC) structure with a lattice parameter of 4.04 A [61].
Cerium has been shown to crystallize in two forms at ambient temperatures and pressure.
One is an FCC structure with a lattice parameter of 5.14 A while the other is a hexagonal
close-packed (HCP) structure with a=3.65 A, and c= 5.91 A [62]. This leads to limited
solubility in the alloy system. However, the system readily forms several intermetallics. In
the composition region of interest, (<21.5 at.% Ce), the Al-Ce alloy system forms a two
phase region with a pure Al matrix and the aAl11Ces intermetallic. aAl11Ces forms an

orthorhombic structure with a=4.39 A, b=10.08 A, and ¢=13.02 A [63].

The coefficient of thermal expansion (CTE) is an important parameter in high temperature

applications as the change in dimension with temperature affects operational tolerances
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and if excessive, can lead to failure. Additionally, for parts that have cyclic temperatures,
the induced thermal stresses can cause thermal fatigue. Temperature-dependent x-ray
diffraction (XRD) is one technique that can be used to quantify the CTE of a material. In
this technique, the CTE is determined through changes in the interplanar spacing with
changes in temperature [64]. Using this technique, it has been shown that the CTE
decreases with increasing grainsize [46], and that various phases can be measured
simultaneously [45]. Furthermore, CTE anisotropy has been explored by comparing

various reflections in non-cubic systems [48,65].

Combinatorial sputtering can be leveraged as a convenient tool for rapid material discovery
as it can achieve thin film compositions that cover a large and targeted composition range.
Further, the high energy deposition process and fast cooling rates allows for the realization
of metastable material configurations, for example supersaturated solid solution found in
various as-deposited sputtered alloys [5,6]. Subsequent annealing can be utilized to achieve
the equilibrium state of the system through recrystallization, grain growth, and phase
separation [8,66]. The motivation of the study is to demonstrate that thin film combinatorial
synthesis can be used for alloy development. In particular, we apply the thin film rapid
materials discovery approach to a new alloy system (AlxCe1o0-x) that is being explored for
various lightweight alloy applications. The coefficient of thermal expansion (CTE) is a
critical property to various high-temperature applications and thus we use the thin film
approach to extract the CTE of the Al11Ces intermetallic to determine its suitability. Thus,
a combinatorial library of AlxCe1oox (~75.0<x<99.5 at. %) alloys is co-sputter deposited

and the crystal structure and phase fraction, film morphology, effective electrical
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resistivity, and temperature-dependent coefficients of thermal expansion are all correlated

to the AlxCeio0-x cOmposition.

Material and methods

Sputtering Conditions

AlxCe100-x alloys were co-sputtered from a pure Al and a AlsoCeso (50-50 at.%) target to
form a combinatorial library across a SiOz-coated (500 nm) Si substrate (500 um). The
substrate was fixed and not rotated to generate the composition gradient. The Al target was
powered with a 200 W DC source while the AlsoCeso target was powered with a 100 W RF

source in a5 mTorr Ar ambient atmosphere for 2 hours.

X-Ray Conditions

Room temperature x-ray diffraction (XRD) patterns were measured using a Malvern
Panalytical X Pert3 MRD diffractometer while temperature-dependent XRD experiments
were performed using a Malvern Panalytical Empyrean diffractometer. A 20-o scan with
an o offset of 3° with a Cu tube (A=0.154 nm) was used for all experiments. Room
temperature XRD experiments on an as-deposited and an annealed sample were run with
an angle sweep from 25° to 85° with a step size of 0.52° (total time of each scan 30 min).
To estimate the coefficient of thermal expansion, we performed temperature-dependent x-
ray diffraction experiments with an angle sweep from 20° to 110° with a 0.26° step size
(total time of each scan 23 min). The sample was heated in situ from room temperature
(~25°C) to 550°C in a nitrogen atmosphere with a heating rate of 5°C/min. The sample was

held for 5 minutes at 100, 200, 300, 400, 500, and 550°C after which each XRD
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measurement was taken. The same conditions were used during the cooling cycle. In total,

thirteen measurements were taken for each temperature cycle.

Annealing Conditions

Annealing was conducted in vacuum with a base pressure of ~3x10~ Torr. The sample was
ramped from room temperature (~15°C) to 500°C over a period of 1 hour. It was held at
500°C for 10 minutes and then reduced to 475°C and 450°C and held for 5 and 15 minutes,
respectively. The sample was cooled at a rate of 10°C/min from 450°C to 200°C at which
point the heater was turned off and the sample was left to cool to room temperature

overnight.

Scanning Electron Microscopy and Energy dispersive X-ray spectroscopy

Energy dispersive x-ray spectroscopy (EDXS) and scanning electron microscopy (SEM)
were conducted on a Carl Zeiss MERLIN SEM. The combinatorially sputtered AlxCe10o-x
thin film (as-deposited and annealed) was measured at 9 points at equally spaced
increments of 10 mm along the composition gradient. An accelerating voltage of 10 keV

was used for EDXS.

4-Point Probe Measurements

Resistivity measurements were performed using a Lucas Labs Pro4-440N QuadPro
Resistivity System with a Keithley 2400 Source Measurement Unit. Resistivity was
calculated by multiplying the experimental resistance measurement by the film thickness.

Film thickness values were taken from the simulated thickness profile in figure 1d.
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Results and Discussion

Full Wafer Characterization

Figure 7a is a schematic of the sputtering configuration used to synthesize the AlxCe1oox
thin films. Since the substrate is not rotated and the flux from the targets are different, both
a composition and thickness gradient are generated, respectively. For reference, position 0
is at the aluminum rich wafer edge and positions 1-10 proceed in 10 mm increments across
the wafer diameter along the gradient to the Ce-rich wafer edge. Figure 7b also illustrates
the simulated [4] Al composition across the entire substrate and 7c) the simulated versus
experimental EDXS measured film composition and the 7d) simulated and SEM measured
thickness along the gradient diameter centerline. The simulations assumed a substrate
center (position 5) Al and AlsoCeso deposition rate of 3 and 0.75 nm/min, respectively.
Figure 7c and 7d show good agreement between the experimental and simulated
composition and thickness, respectively. Figure 7e shows the complementary thickness as

a function of the substrate position for the entire substrate.

To confirm the crystal structure of the as-deposited and annealed combinatorially sputtered
AlxCe100-x thin films, x-ray diffraction (XRD) was conducted at positions 1-6 (starting at
10 mm from the Al-rich edge and measuring every 10 mm) and position 8 as shown in
Figure 8. For x>97.0, the Al (111) reflection dominates with trace reflections of the (222)
plane. A shift in 20 and broadening in the Al (111) peak suggests the formation of a
metastable solid solution for the as-deposited sample, which appears evident up to position

5 (x=95.5). For x<=97 (or approximately the hypereutectic region) the x-ray intensity
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drops as evidenced by the low signal to noise. A broad amorphous hump emerges at ~ 70°
ant a. tributed to the amorphous Al11Ces phase, which has reasonable phase fraction in
this region. The Al.1Ces is fairly refractory as it has an incongruent phase transformation
to AlsCe and AlzCe at ~1000°C [68], thus the rapid solidification that occurs during the
sputtering process inhibits crystallization of this phase at room temperature. The Al (111)
peak is very broad and shifted to lower 20 up to x=95.5 consistent with the solid solution
formation; at x> 92.5 it is unclear if there is any long range order in the material as the
phase fraction is dominated by the Al11Ces which appears to be amorphous. To confirm
the observed results as-deposited results are consistent with no phase separation EDS maps
of various compositions were measured which confirmed the homogeneous distribution of
the Al and Ce (see supplemental information 1). After annealing, the Al11Ces intermetallic
phase emerges and the peak ratio of the Al (111)/Al11Ces (123) decreases consistent with
the expected increase in the Al11Ces phase fraction with increasing Ce content. Note that
the (111) orientation in FCC crystals have a preferred orientation due to the low surface
energy [69]. As expected, the aluminum peak intensity increases, narrows, and shifts back
to its expected position (higher 20) consistent with rejection of the Ce in Al phase (note
confirmation of this in temperature dependent x-ray diffraction below).  The
recrystallization for 97.0<x<95.5 seems to be robust as the x-ray diffraction intensity for
the Al (111) (for x>97) and Al11Ces (123) (for x<95.5) peaks are high. Interestingly, the
recrystallization for the x=97 and 95.5 compositions seem sluggish as the signal to noise

in the diffraction data is low and the amorphous peak at ~ 70° is relatively high.
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Figure 9. Plane view SEM images of the annealed films where (a) AlggsCeos, (b) AlggoCe1 o, (C)

AlggsCeys, (d) Ale7oCeso, (€) AlossCeqs, (f) Alo2sCers, (g) AlsasCeros, () Algs.oCeiso, and (i)

Algo.oCex.o.
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Figure 9 show the SEM images of annealed AlxCe1oo-x films (see supplemental information
for as-deposited films). As noted in the progression to higher Ce concentration, the
emergence of a second phase with higher secondary electron yield emerges. EDS maps
confirmed that the brighter second phase contains cerium and thus assigned to the
equilibrium Al11Ces phase. Clearly the phase fraction of the Al11Ces phase fraction
increases with increasing Ce content as expected and as observed in the XRD. An
estimation of the phase fraction was determined via image processing and good agreement
between the estimated Al11Ces and Al phase fraction versus the phase fraction calculated
from the phase diagram was obtained (see supplemental information for a plot of the
estimated versus calculated phase fraction). In Figure 9a the Al11Ces is not evident in the
SEM image, but small precipitates on the order of a 50-200 nm emerge in 9b and the size
and number grow from 9c and 9d, respectively. The contrast in 9e shows clear
precipitation, but the intergranular Al region is not as dark in the image. Note there is a
significant transition in the microstructure in figure 9e to 9f where the Al11Ces grain size
increases and is interconnected. Interestingly this is consistent with the enhanced
crystallization observed at higher Ce content in position 6 observed in the x-ray diffraction.

This enhanced transformation at this composition will be studied in the future.

Resistivity Measurements

The composition and microstructure were also correlated to the resistivity as shown in
Figure 10. The resistivity of the as-deposited sample increases with increasing Ce content.
As described above, the AlxCe100-x alloy forms a solid solution up to ~x=95.5 and at higher

Ce content appears to be in an amorphous phase. Thus, increase in resistivity in the as-
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deposited phase up to Xce = 4.5 is due to solid solution effects; cerium has lower resistivity
than aluminum and the size mismatch strains the lattice which decreases the resistivity.
Beyond that composition, the slope changes slightly and the as —deposited resistivity is that
of the amorphous AlxCeio0x phase which could be an amorphous form of sub-
stoichiometric Al11Ces (cerium deficient for 4.5<Xce<21). For the annealed sample, the
resistivity increases slowly until 7.5 at. % Ce after which there is a sharp increase in the
resistivity. As shown in Figure 9, upon annealing, the system phase separates into a low
resistivity Al phase and higher resistivity intermetallic phase. Note that because we are in
a two-phase system in the annealed film, the resistivity is an effective medium
approximation of the two constituent phases. In this equilibrium state, for Ce content less
than 10.5 at. %, the current is carried by the percolating Al network. Image analysis
revealed that at the Alg25Ce7.5 composition, the Al phase fraction is ~55%, which supports
the percolating Al network. The image analysis suggests the Al phase fraction is only 38%
at AlgasCeios and 5% at AlgsoCeiso. Thus, at aluminum concentrations higher than
Algx5Cers, the current has a percolating path to travel through the aluminum phase,
however as the intermetallic phase fraction increases above this concentration, the
percolating network closes off thereby increasing the resistivity. A random mixtures model
[70] was applied using the phase fractions estimated via the image analysis. The constituent
resistivities were taken to be 2.65 pohm-cm for Al [71] and was determined experimentally
to be ~77 pohm-cm for the Al11Ces intermetallic which is consistent with literature values
[72]. Very good agreement between the model and experimental phase separated resistivity

values. This suggests that a random combination of series and parallel connections exist
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within the system and that neither phase dominates the composite resistivity value.
Comparing the as-deposited versus the annealed film, it is clear that the solid solution

effects increase the resistivity more than the second phase intermetallic.

Temperature Dependent X-ray Diffraction Measurements

Figure 11 shows the overlay of the x-ray diffraction results for the Alg7Ces composition
(position 4) during a 11a temperature ramp and 11b cool down. Consistent with Figure 8,
there are three predominant peaks. Around 34° is a low angle peak associated with the
(123) Al11Ces phase. The Al (111) peak is present at ~38° as well as the Al (222) peak at

~82°. In the as-deposited state, up to 200°C, the material is in the metastable solid solution.

At the 300°C anneal step, the Al11Ces (123) starts to precipitate from the solid solution and
the Al (111) and (222) reflection intensities increase. Throughout the annealing process,
the peaks shift and sharpen. Inset in Figure 11a and 11b are magnified views of the Al (111)
and the Al11Ces (123) normalized peaks for the heating cycle and cooling cycle,
respectively. Figure 12 illustrates the resultant Al (111) interplanar spacing during the
heating and cooling cycle. As is shown, during the heating cycle, the Al (111) interplanar
spacing increases from room temperature to 100°C consistent with thermal expansion and
from 100 to 300°C it saturates and decreases, suggesting intrinsic stress relief in the film.
As noted above, at 300°C, the Al11Ces phase emerges consistent with Figure 8. From 300°C
to 550°C the peaks shift consistent with thermal expansion and as shown in Figure 12 during
the cooling cycle the Al11Cez (123) interplanar spacing contracts linearly with decreasing
temperature. The open hysteresis observed in the heating/cooling cycle for the Al (111) is

a measure of the stress relief and rejection of the Ce in the solution, which also leads to a
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lattice contraction as shown in Figure 12. The total contributions can be estimated by
comparing the interplanar spacing of the as-deposited film to the room temperature value
after the temperature cycle. A simple calculation of the lattice expansion from a Vegard’s
law approximation suggests that substitutional Ce induces ~564 MPa of tensile stress to
the Al lattice at this concentration. Thus, the difference in the room temperature interplanar
spacing before and after the annealing cycle is due to the Al11Ces precipitation and ~ -109
MPa (compressive) stress is due to stress relief. Similarly, a Vegard’s law approximation
of the Algg5Cen.s composition was calculated suggesting that (94 MPa) of the difference in
room temperature interplanar spacing is due to the Al11Ces precipitation and ~ 76 MPa
(tensile) is due to stress relief. A Vegard’s law approximation could not be performed on
the Alg25Cez.s composition as the TDXRD experiment was run on a pre-annealed sample.
The interplanar spacing values of the Al11Ces precipitation phase is also shown on Figure
12. Because all the data was consistent, only a single dashed line representing the linear
regression is shown. As discussed below, we use the cooling cycle data to extract the

coefficient of thermal expansion of the Al and Al11Ces phases in the thin films.

Coefficient of Thermal Expansion Determination

The coefficient of thermal expansion (CTE) can be calculated through the shifts in the XRD
peaks as a function of temperature. The linear coefficient of thermal expansion can be

calculated using:

%d =0AT (6)
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Figure 13. CTE calculated (with correction for x=92.5) from HTXRD experiments for the Al

(111), Al (222), and Al;1Ce;3 (123) showing the temperature dependent CTE compared to bulk Al

and Al11Ce; for each composition measured
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where d is the interplanar spacing determined via Braggs law, a is the CTE, and AT is the
change in temperature. Using this equation and estimating Ad/d for each temperature
increment, the temperature dependent CTE for aluminum and Aly11Cez can be estimated.
Because of the rigid underlying SiO2 on Si substrate, below a critical thickness a correction
can be performed to account for the in-plane biaxial compressive stress that develops due

to the difference in the SiO2 and Al CTE [61]. The correction term is given by:

a‘: Of-Osyb (7)

1-v

where o’ is the uncorrected CTE, as is the CTE of the film (Al), asuw is the CTE of the
substrate (SiO2), and v is Poisson’s ratio. asu (SiO2) is taken to be 0.25*10°%/°C [47], and v
is taken to be 0.33 for Al. The cooling cycle data was used to determine the CTE values as

the intrinsic stress is relieved and the equilibrium phases have formed.

Note that for the high Ce content sample (x=92.5) the measured CTE values were adjusted
using equation 2. The thickness value at this point is ~375 nm as shown in figure 1d. In
this thickness regime, the CTE value shows a dependence due to the rigid nature of the
substrate [73]. Both the Al and Al11Ces phase exhibit this thickness dependent behavior.
As shown in Figure 13, the two phases expand independently of one another at each
composition. The temperature dependent CTE of the Al matrix within the thin films
increases similarly to bulk Al and the values for Al found in literature [74]. However, the
Al11Ces intermetallic phase has a nearly constant CTE of ~1.5x10°/°C within the

temperature range on this study (25-550°C).
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A pure, bulk Al11Ces sample was arc melted from a mixture of stoichiometric Al ad Ce
powders and the CTE measured with the same conditions as the thin films. The bulk
Al11Ces (123) results are included in Figure 13 and shows a slight CTE temperature
dependence in the temperature range of study varying roughly linearly from ~1.5x107%/°C
to 1.72x107°/°C, from room temperature to 550°C. A Rietveld analysis of the entire XRD
pattern (shown in supplemental information) demonstrated a slight anisotropic behavior as
shown in Figure 14. The expansion of the a lattice parameter remains roughly stable at
~1.54x107°/°C while the b lattice parameter expands with a slightly higher slope, and the ¢
lattice parameter expansion shows an even higher change from ~1.5x10°%/°C to 2.0x10"
%/°C, from room temperature to 550°C. The refined lattice parameter values with respect to
temperature is shown in supplement. Since the thin film sample demonstrates preferred
orientation along the (123) plane, the expansion of the film is dominated by the a lattice
parameter which is consistent with the nearly constant CTE in (123) reflection of the thin
film. Similarly, analysis of the expansion of the bulk sample along the (040) and (006)
planes are consistent with the b and c lattice parameter expansion, respectively. In addition,
bulk samples with nominally 1 wt.% plus or minus the Al11Ces composition were also
generated. The measured CTE values of these samples were also consistent with both the
Al and Al11Ces phase in the thin films and this HTXRD data given in the supplement

information.

The two phase alloy CTE was estimated using two rule of mixture models assuming
uniform stress or strain. The Reuss [75] model for the effective coefficient of thermal

expansion, o, is given by
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a’ =&+ &an (8)

where & and a; are the phase fractions and single phase coefficient of thermal expansions,

respectively. The Voigt [76] upper bound model is given by

v _ SGE1+5HEan

9
§1E1+&2E, ( )

where E is the Young’s Modulus for the respective phase taken to be 69 GPa for Al and a
value of 97 GPa for Al11Cez was extracted from figure 4 of Sims et. al. Figure 15 shows the
two-phase alloy CTE as a function of temperature for various AlxCe100-x compositions. The
Al11Cez intermetallic CTE lowers the Al CTE and is suitable for some piston applications.
Future work will be done to examine the two-phase system CTE via microfabricated

cantilevers [49,77] structures and dilatometry for the thin film and bulk alloys, respectively.

Conclusion

The crystal structure and phase fraction, film morphology, electrical resistivity, and
temperature-dependent coefficients of thermal expansion are all correlated to the AlxCe1oo-
x composition. In the as-deposited state, the Al (111) peak is present. Peak broadening and
shifting indicate the formation of a metastable solid solution. Upon annealing, the -
Al11Ces intermetallic phase forms and the Al (111) to a-Al11Ces (123) peak ratio decreases
as expected with increasing Ce content. The film transitions from an almost pure Al matrix
to pure a-Al11Ces intermetallic across the material library sputter deposited on the SiO»-
coated Si wafer. The as-deposited resistivity increases with increasing Ce content,
consistent with solid solution alloying. In the annealed sample, the resistivity is lower,

however the two-phase system resistivity increases with increasing Ce content due to the
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reduction in the percolating network with the precipitation and increasing phase fraction of
the intermetallic phase. Additionally, we investigated the temperature dependent CTE at a
series of fixed alloy compositions. The two phases expanded independently of one another
with the Al matrix having a temperature-dependent CTE similar to bulk Al, and the Al11Ces
intermetallic phase showing a constant CTE of ~1.5x105/°C in the range of study. The
two-phase alloy CTE was estimated via the Reuss and VVoigt models and with the Al11Ces
CTE being lower than Al, it suppresses the composite CTE value bring it in line with the
current premium piston alloys that are commercially available. Importantly, we have
demonstrated the efficacy of the thin film technique, which is consistent with the bulk
alloy, thus we can explore more complex multi-component alloys via the thin film
combinatorial synthesis and XRD analysis technique for rapid discovery of new lower CTE

materials.
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Abstract

Aliooxy-2CexNiyMn; thin films were synthesized via combinatorial sputtering from Al,
AlgoCero, AlgiNig, and AlgsMn7 targets. The resultant as-deposited films exhibit a
continuous composition gradient of the various constituents and form a metastable solid-
solution over most of the composition space. Subsequent annealing leads to the formation
of the thermodynamically stable systems of Al, and a-Al11Ces, AlsCeMna, and Al23CesNig
intermetallics -- where the phases present and fraction depend on the composition.
Temperature dependent x-ray diffraction (TDXRD) was used to determine the coefficients
of thermal expansion (CTE) for each phase. The thin film Al and Al11Ces temperature
dependent CTE values are consistent with previously reported results. The thin film
AlgCeMn, phase reveals a slight decrease in the CTE with a range from 27x10° °C™* to
23x10° °C? in the temperature range 25-550 °C. The thin film Al.3CesNig phase exhibits
a CTE value of =9x10® °C™ near room temperature and increases to 14x10 °C* at 550
°C. To confirm the thin film results, bulk stoichiometric AlsCeMnsand Al23CesNis samples
were prepared and measured under similar conditions. The AlgCeMns bulk sample
confirmed the negative CTE trend observed in the thin film sample. Compared to its thin-
film counterpart, the Al23CesNig bulk sample similarly demonstrated a low CTE value near
room temperature of 5x10°C and an anomalous minimum in the CTE at =75 °C, which

was confirmed via temperature dependent neutron diffraction. Temperature dependent
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magnetic and electrical measurements were subsequently taken on Al23CesNig, and the

anomalous minimum in the CTE coincided with an electronic phase transition.

Introduction

Traditional aluminum alloys, such as those found in the Al-Si system, have been of interest
in the automotive and aerospace industries where factors such as weight, high-temperature
performance, and cost play important roles in meeting industry needs. While other material
classes such as composites have started to be used in these industries, a variety of factors
(e.g., demonstrated performance, established manufacturing and fabrication
facilities/expertise, and design history) keep aluminum alloys at the forefront in these
spaces [78]. Thermal stability (as both phase and dimensional stability) has been a major
drawback with traditional aluminum systems, where improvement in this area would
greatly increase the role of aluminum-based alloys in many structural applications [78-80].
Likewise, increased thermal stability would enable higher engine power throughput, a key

factor in improving fuel efficiency among other performance metrics [81].

Aluminum alloyed with cerium in the range of 1.0-3.5 at.% (6-16 wt.%) has been shown
to maintain the weight and cost-savings of traditional aluminum alloys while also providing
the needed high-temperature stability due to the formation of intermetallic phases [55-57].
Similarly, it has been shown that cerium-based aluminum alloys significantly improve the
high temperature mechanical properties and castability [53,54]. Moreover, it has been
demonstrated that adding small amounts of Ce to existing commercial alloys, such as B319,

can further increase hardness, strength, and elongation at failure [82]. Ce as an alloying
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agent is distinguished from other rare earth elements (REE) by its low relative cost and
extremely competitive supply-to-demand ratio. This can be attributed to Ce being mined
as an unavoidable byproduct of other rare-earth element mining operations [83]. In 2020,
the cost for cerium oxide was $2/kg compared to $50/kg for neodymium oxide and
$3800/kg for scandium oxide [84,85]. Furthermore, it has been shown that castable, REE
rich aluminum alloys can be produced through direct reduction of REE oxides [86].
Additionally, the price of Si, which has been traditionally used for high temperature Al
applications due to its low CTE and formation as primary silicon in the alloy, has risen
nearly 300% over the last couple of years to $8/kg [87,88]. The Al-Ce system also
demonstrates interesting corrosion behavior where the system creates a Ce-rich outer
passivation layer, which limits the oxidation of the Al matrix [60]. As such, surface
engineering and coatings utilizing Al-Ce have been explored for corrosion protection

[58,59,89].

In the binary Al-Ce system, Al takes on the standard form of a face-centered cubic (FCC)
structure with a lattice parameter of 4.04 A [61]. Cerium crystallizes in two forms at
ambient temperature and pressure; one is an FCC structure with a lattice parameter of 5.14
A, and the other is a hexagonal close-packed (HCP) structure with a=3.65 A, and ¢=5.91
A [62]. This leads to limited solubility in the binary Al-Ce alloy system and the formation
of several intermetallic phases. In the composition region of interest (<10 at.% Ce), the
binary Al-Ce alloy system forms a two-phase region with a nearly pure Al matrix and the

a-Al11Ces intermetallic. The a-Al11Ces intermetallic forms an orthorhombic structure with

a=4.39 A, b=10.08 A, and ¢=13.02 A [63].
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While binary Al-Ce alloys demonstrate interesting behavior, further alloying additions can
be used to further refine both mechanical and thermal properties to meet process
requirements for mechanical alloys. Manganese has been used as an alloying element in
aluminum alloys as Al-Mn alloys have a combination of good mechanical properties,
corrosion resistance, and welding/brazing ability [90]. Additionally, Mn acts as a BCC
stabilizer in Al-Cu alloys as well as widens the single-phase region to lower temperature
and lower Al content [91]. Mn takes on a unique crystal structure at room temperature
known as a-Mn, which is a complex BCC structure with a lattice parameter of 8.903 A
[92]. This structure contains 58 atoms and is the only element to take on this structure at
room temperature. Thus, like Ce, Mn and Al have limited mutual solubility and readily
form several intermetallics [93,94]. The addition of Ce to the Al-Mn system further
expands its complexity and the possible intermetallic phases formed. These intermetallic
phases include: AlxxMn2Ce, AligMn2Ce, AlsMn, and AlgMnsCe. AlgMnsCe has a
tetragonal crystal structure with a=8.89 A, b=8.89 A, ¢=5.17 A [95,96]. It has been
demonstrated that the Al-Ce-Mn system is extremely versatile in tuning material
properties. Yield strength, hardness, and ductility can be optimized by adjusting the relative

composition of the alloy to meet various application requirements [97-99].

Nickel has also been investigated as a possible alternative to Al-Si alloys for high
temperature applications. The primary driving force to finding an alternative to the Al-Si
system is its low eutectic temperature [100]. Thus, its maximum operating temperature is
limited to 250 °C. The Al-Ni system has a eutectic point about 60 °C higher than Al-Si at

a eutectic composition of 3.1 at.% Ni [101,102]. Furthermore, Al-Ni exhibits good
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corrosion resistance, fluidity, chemical stability, thermal properties, and a low tendency to
hot tear [101-104]. The AI-Ni system also has limited solubility and readily forms
intermetallics, with the primary phase in Al-rich alloys being AlsNi [105,106]. The primary
drawback of the Al-Ni alloys is the mechanical properties, with the resulting eutectic being
relatively weak due to the limited solubility between the phases [102]. The introduction of
Ce and Mn as additional alloying elements could enhance the mechanical properties while
maintaining the desirable thermal and chemical stability of the Al-Ni binary system, as has

been seen with the addition of Sc [107].

Only a handful of investigations of the ternary Al-Ce-Ni system have been reported, and
the stability of the ternary Al23CesNis compound is still in question. Zarechnyuk et al. [108]
and Ferro et al. [109] were the first to report on phase equilibrium in Al-Ce-Ni, and neither
reported the existence of Al3CesNis. Belov et al. also made no mention of the Al23CesNig
phase, although their work was focused on casting and solidification behavior [110,111].
Gout et al. first reported the Al23CesNig phase, synthesizing it from a stoichiometric blend
of elemental powders sintered at 800 °C [112]. Tang et al. later reported Al23CesNis in the
ternary phase diagram at both 500 °C and 800 °C [113,114]. However, in their later
thermodynamic assessment of the system [115], the phase was modeled as stable only
between 700 °C and 1000 °C for Al-rich alloys. More recently, Wu et al. [116] investigated
the microstructure and creep behavior of cast Al-Ce-Ni alloys near the ternary eutectic L —
FCC + Al;,Ce; + Al;Ni (about Al-2Ce-2.5Ni) but reported no evidence of Al23CesNig in
either the as-cast state or after annealing at 590 °C for 24 h. In the Al-Ce-Ni ternary system,

several intermetallics form, including AlsCeNi, AlsCeNiz, and Alx3CesNis. Al23CesNis
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takes on a monoclinic structure with a=16.042 A, b=4.140 A, c=18.380 A, and p=113.24°
[112]. Additionally, this phase has shown heavy fermion behavior [112,117]. Mn in the
Al-Ni system has been shown to increase the yield strength from the binary alloys, which
can be further fine-tuned through solidification rate or heat treatment through precipitation
strengthening [118]. Previous work in the Al-Ce-Ni-Mn quaternary system has shown that
this system has excellent creep resistance and exhibits a significant increase in the modulus
of elasticity at elevated temperatures, making this system an ideal candidate for high

temperature Al applications [119,120].

The coefficient of thermal expansion (CTE) is a material property that is defined by a
material’s dimensional response to a change in temperature. This phenomenon is critical
to processes at elevated temperatures as the change in dimension respective to temperature
affects operational tolerances and can lead to failure if excessive [11,12]. Additionally, for
parts that have cyclic temperatures, the induced thermal stresses can cause thermal fatigue

that can lead to the formation of defects and ultimately failure [13].

The linear coefficient of thermal expansion, a, is defined as:

_lz
o = LT (10)

where Lo is the original dimensional length at the nominal temperature To, and dL is the
instantaneous change in the dimensional length after expansion by changing the
temperature of the system to some temperature T. Conventional dilatometry will directly
measure this change is dimensional length with temperature for the net alloy. Due to the

size limitations of a thin film, conventional dilatometry and optical techniques cannot be
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applied. One common alternative technique is temperature-dependent x-ray diffraction
(TDXRD). In this technique, the CTE of individual phases is determined through changes
in the interplanar spacing with respect to corresponding changes in temperature [64].
However, this technique does not directly measure the net CTE of the alloy, as is done with
conventional dilatometry, but rather that of the individual phases. Instead, an estimation

using phase fractions must be calculated.

Equation 1 can be modified such that the CTE can be calculated through the shifts in the
XRD peaks as a function of temperature. The linear coefficient of thermal expansion can

be calculated by:
X —oAT Q)

where d is the interplanar spacing determined via Braggs law, a is the CTE, and AT is the
change in temperature. Using this equation and estimating Ad/d for each temperature
increment, the temperature dependent CTEs of the phases of interest can be estimated.
Corrections should be made for films below a critical thickness of =300 nm on SiO2/Si
substrates to account for the in-plane biaxial compressive stress that develops due to the
difference in the substrate and Al CTEs [47,61]. Such corrections were unnecessary in this
study as the films were above the critical thickness and cooling cycle data were used. The
thin film correction versus film thickness was explored previously in the Al-Ce materials
system. Further, the effect of annealing and phase evolution on stress relief was also

previously investigated in the Al-Ce binary system via tracking lattice parameters from the
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as-deposited state through the annealing cycle of the Al phase [121]. Should the film be

below the critical thickness, the correction term is given by:

(1‘: Of-Osyb (7)

1-v

where o’ is the uncorrected CTE, as is the corrected CTE of the film , asup i the CTE of
the substrate (SiO2), and v is Poisson’s ratio. osub (SiO2) is taken to be 0.25*10%/°C [47],

and v is taken to be 0.33 for Al.

Film thickness, substrate material, near surface effects, and crystallite size have all been
shown to influence CTE values in the as-deposited state (typically overestimating CTE
values); however it has been shown previously that thin film CTE values are consistent
with bulk values once annealed to allow for the relief of stress in the film generated during
deposition [46,47,73,122].Additionally, various phases can be measured independently
and simultaneously [45]. Recent work exploring temperature dependent XRD on thin films
and bulk samples revealed that the CTE of the Al11Ces intermetallic is anisotropic but has
an average room temperature value of ~15x10® °C* (15 ppm/°C), which was also
confirmed via dilatometry using bulk samples [121,123]. Moreover, CTE anisotropy has

been explored by comparing various reflections in non-cubic systems [48,65].

In this study, we utilize a combinatorial thin film sputtering approach to explore the Al-
Ce-Ni-Mn system for the rapid discovery of low CTE phases that can be leveraged in Al-
based alloys at operating temperatures similar to or exceeding traditionally used Al-Si
alloys (limited to <250 °C). Co-sputtering is able to achieve thin film compositions that

cover a large composition range while allowing for the realization of metastable material
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configurations; for example, supersaturated solid solutions commonly result in various as-
deposited sputtered alloys due to the high energy deposition process and fast cooling rates
[5,6,10]. Subsequent annealing of the film can lead to equilibrium states of the system
through phase separation, recrystallization, and grain growth though metastable phases
may still be present [8,66]. We apply the thin film rapid materials discovery approach to
the Alioox-y-2CexNiyMn; system as a cursory technique to identify candidate phases and
compositions for various lightweight and high-temperature alloy applications. As the CTE
is a critical property to various high-temperature applications, we use the thin film
approach to rapidly explore a large composition space to elucidate interesting CTE values
and trends of the various intermetallic phases that form to determine their suitability for
high temperature cyclic processes. Thus, a combinatorial library of Aligox.y-2CexNiyMn;
alloys is co-sputter deposited with the crystal structure, film morphology, and temperature-
dependent coefficients of thermal expansion all being correlated to the Aligo-x-y-zCexNiyMn;
composition. These material properties identified in the films are used as a semi-
quantitative guideline. Identified compositions of interest are then upscaled into bulk cast

alloys for further, more extensive investigation in the desired application space.

Materials and methods

Sputtering conditions

Al10o-x-y-2CexNiyMn; alloys were co-sputtered from pure Al, AlgoCezo (80-20 at.%), Alo1Nip,
and AlgsMny targets to form a combinatorial library across a SiO2-coated (500 nm) Si

substrate (500 um). The substrate was fixed and not rotated to generate the desired
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composition gradient. An original base pressure of ~3x107 Torr was achieved in the
system. The Al target was powered by a 100 W DC source while the AlgoCezo, Alg1Nig, and
AlgsMn; targets were each powered by 200 W RF supplies in a 5 mTorr Ar ambient
atmosphere for 2 hours such that a near uniform thickness profile of approximately 1 pum

is obtained.

A second Alioo-x-yCexNiy ternary sample was sputtered to explore the influence of Mn on
the alloy system. As previously described, the Al target was powered by a 100 W DC
source while the AlgoCe2o and Alg1Nig targets were powered by 200 W RF supplies ina 5
mTorr Ar ambient atmosphere for 2 hours to again obtain a near uniform thickness profile

of =1 um.

Single crystal growth

Elemental Al, Ni and Ce were loaded into a 2 mL alumina Canfield crucible set and then
encapsulated in a silica ampoule [124]. This assembly was placed in a furnace, heated to
1100 °C over 6 h, held for 12 h, and then cooled to 800 °C over 100 h to precipitate the
crystals. The ampoule was subsequently removed from the furnace and centrifuged to
decant away the Al-rich melt from the crystals. This procedure yielded 0.03-1 mm wide

needle-like metallic crystals of Al,3CesNis up to 9 mm long.

Bulk sample preparation

Pure, bulk AlsCeMnsand Al23CesNis samples were arc melted from a mixture of
stoichiometric Al, Ce, Mn, and Ni constituents. Additionally, single crystal samples of

the Al23CesNig intermetallic were grown using a flux growth methodology as described in
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2.2. Both the cast and single crystal samples were ground into powders using a mortar
and pestle for TDXRD measurements to complement the thin film experiments. These
samples were ground from the as-cast state. Alloy samples were also arc melted based on
compositions of interest in the film from a mixture of the elemental constituents. Alloy

samples were cut and polished for XRD measurements.

Thin film annealing conditions

Annealing of the thin film sample was conducted in vacuum with a base pressure of 3x10°
" Torr. The sample was radiant heated with halogen lamps from the base temperature (<15
°C) to 525 °C at a rate of approximately 10 °C/min (=1 hour in total), held at 525 °C for
10 minutes, and then reduced to 475 °C and 450 °C and held for 10 minutes at each
temperature. The sample was cooled at an approximate rate of 10 °C/min from 450 °C to
200 °C. Because the natural cooling rate was slower than 10 °C/min below 200 °C, the

heater was turned off, and the sample was left to cool to room temperature overnight.

X-ray conditions

Room temperature x-ray diffraction (XRD) patterns were measured using a Malvern
Panalytical X’Pert®> MRD diffractometer, and TDXRD experiments were performed using
a Malvern Panalytical Empyrean diffractometer. A 26-® scan with an o offset of 3° and
Cu Ka radiation (A=0.154 nm) was used for both room temperature and TDXRD
experiments. Room temperature XRD experiments on as-deposited and annealed samples
were performed from 25° to 60° 20 with a step size of 0.05° (the total time of each scan

was 30 min). To estimate the coefficient of thermal expansion, temperature dependent x-
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ray diffraction experiments were performed from 20° to 60° 26 using a 0.39° step size (the
total time of each scan was 30 min). The sample was heated in situ from 25 °C to 550 °C
in a nitrogen atmosphere with a heating rate of 5 °C/min. Data was collected at 100, 200,
300, 400, 500, and 550 °C after a five-minute hold at each temperature to allow the sample
to reach thermal equilibrium. The same conditions were used during the cooling cycle. In
total, thirteen measurements were taken for each complete temperature cycle. Additional
TDXRD experiments of a cast bulk sample and ground single crystal were performed using
a heating rate of 5 °C/min and data collection temperatures of 25, 50, 75, 100, 125, 150,
175, 200, 300, 400, 500, and 550 °C upon both heating and cooling with a 30 minute hold
half way through at 550 °C. Cryo-XRD experiments were performed using a Panalytical
X’pert Pro MPD with an Oxford PheniX closed-cycle cryostat. Measurements were taken
at -250, -225, -200, -175, -125, -785, -50, -15, -5, 10, 15, 25, and 35 °C. The compositions
of the phases were assumed to be constant and stoichiometric throughout the heating and
cooling cycles. Temperature was measured in the heated stage via a thermocouple. A series
of calibration tests were performed before starting TDXRD on samples. Alumina was used
as a calibration sample and compared to literature, which can be found in the supplemental
information [125-127]. Additionally, successive x-ray experiments were performed at
single temperature steps on films to ensure it had equilibrated. Finally, the CTE of the Al

phase in each was used as a baseline for analysis.

Scanning Electron Microscopy and Energy dispersive X-ray spectroscopy

Energy dispersive x-ray spectroscopy (EDXS) and scanning electron microscopy (SEM)

were conducted on a Carl Zeiss MERLIN SEM. The combinatorially sputtered Aligo-x-y-
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2CexNiyMn; (as-deposited and annealed) was measured at 17 equally spaced increments
along the full profile of the composition gradients. An accelerating voltage of 10 keV was

used for EDXS.

NOMAD experiment

A flux grown bulk single crystal sample of Al23CesNis was ground into a powder and
loaded into quartz glass capillaries with 2.8 mm inner and 3 mm outer diameter. The
samples were aligned by translating them through the beam while monitoring the scattered
intensity. The sample was heated from -135 to 225 °C by immersion into an Ar gas stream.
Neutron diffraction data were collected at 15 temperatures for an accelerator proton charge
of 8 C, corresponding to about 20 minutes of data collection at 1.4 MW accelerator power
for each temperature step. Individual measurements were performed using first an empty
capillary and then an empty diffractometer. Scattering from a Vanadium rod was used for
normalization, and scattering from diamond powder was used for calibration. Refinements

and analysis were completed in GSAS-II.

Vibrating sample magnetometry

Magnetometry measurements were performed using a Quantum Design Dynacool Physical
Properties Measurement System (PPMS). Ground single crystal powder was loaded into a
plastic sample holder that was supported by a brass sample rod. Magnetization versus
temperature measurements were performed between 300 K and 400 K in a static field of
100 mT and 2 T. An averaging time of 12 seconds per datapoint was used with a

temperature ramp rate of 4 K/min.
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Figure 16. Simulated (a, b, ¢, d) and experimentally determined (e, f, g, h) composition gradient
profiles for Al (a,e), Ce (b,f), Ni (c,g), and Mn (d,h) on the 100 mm diameter combinatorial wafer.
Note the approximate target locations relative to the substrate in a. The primary composition

(EDS) and XRD positions are denoted as 1-5.
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Electric resistance measurements

Temperature-dependent resistance measurements were also performed in the Quantum
Design Dynacool PPMS on the powder ground from the single crystal. The measurement
apparatus consisted of a pair of copper plungers pressing the powder within an alumina
tube. Resistance was measured using a 4-point configuration between the two copper
plungers. Control measurements performed without a sample show a contact resistance of
<0.01 Ohm, while the measured powder has a resistance of >1 kOhm using a 500 pA
excitation. Measurements were performed between 300 K and 400 K in zero magnetic

field.

Results and Discussion

Full wafer characterization

Figure 16 illustrates the composition profiles for Al, Ce, Ni, and Mn on the 100 mm
diameter combinatorial wafer. The system was oriented such that primary gradients are Al
to Ce and Ni to Mn. Figure 16 (a-d) show simulated composition profiles. For the simulated
composition profiles, the four sputtering guns were modeled as individual Knudson surface
sources, where the parameters specific to our system have been previously determined
[4,6,9]. To account for the multi-element targets used in this investigation, duplicate
Knudson surface sources were overlayed and effectively modeled as two sources at each
gun location to account for multiple species being sputtered. The flux from these targets
were divided between the two sources according to the atomic ratios within the alloy target
and their relative sputter rates. Figure 16e-h show the experimentally determined

composition profiles. Compositions were measured at 17 points across the wafer using
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Figure 17. Resistivity maps for as-deposited (left) and annealed (right) films which correlate the

measured resistivity to the sample position and, through Figure 1, the film composition.
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Table 1. Location and compositions of the five prominent positions on the wafer

Location Position Al (at.%) Ce (at.%) Ni (at.%) Mn (at.%)
Al Edge 1 95.00 1.92 1.76 1.32
Ce Edge 2 82.97 10.06 3.73 3.24
Centrepoint 3 92.15 2.60 2.43 2.82
Ni Edge 4 88.00 2.98 8.07 0.95
Mn Edge 5 88.11 2.53 1.28 8.08
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EDXS (see sample spectra in supplemental information 2). Good agreement between the
simulated and experimental composition and thickness profiles has been shown previously
[5,6,10] and is observed by comparing the simulated and experimentally determined
composition profiles presented in Figure 16. The Al composition varies from 80 to 95 at.%,
Ce from 1 to 10 at.%, and both Mn and Ni from 1 to 8 at.%. The center composition was
tuned such that Ce, Ni, and Mn are close to equiatomic (~2.6 at.%) with the balance being

Al (92.2 at.%). A list of the primary compositions of interest are listed in Table 1.

Additionally, 4-point probe resistivity measurements were performed using a Lucas Labs
Pro4-440N QuadPro Resistivity System with a Keithley 2400 Source Measurement Unit.
Resistivity measurements were performed on both the as-deposited and annealed films. A
map of the resistivity values with relation to the position on the wafer and target positions
can be seen in Figure 17. The pure Al resistivity value for the annealed film is similar to
the value of pure Al (2.65 nohm-cm) found in literature [71]. However, in the as-deposited
state, this value is approximately 2.5 times larger due to the nature of the deposition process
and solid solution effects. The composition range (>80% Al) maintains a percolating
network regime based on previous work [121]. The increase in resistivity of the annealed
film at lower Al content is therefore attributed to the formation of less conductive
intermetallic phases. To examine the crystal structure of the as-deposited Aligo-x-y-
2CexNiyMn; thin film, XRD was conducted at five positions: the center point and the same
positions near each sputtering source as the EDXS (positions 1-5 in Figure 1a.), as shown
in Figure 18(a-e). The Al (111) reflection dominates in the as-deposited state. Note that the

(111) orientation
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Figure 18. Comparison of as-deposited (a-e) and annealed (f-j) XRD patterns at five
locations/compositions of the Alioox-y--CexNiyMn; alloy (see locations of the measured regions in
Figure 1). Gray lines indicate peaks associated with the Al phase, red to the Al11Ce; phase, blue

to the Al23CesNig ternary, green to the AlsCeMn, ternary, and black to quaternary phase.
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in FCC crystals has preferred orientation due to the low surface energy [69]. Broadening
in this primary peak and shifts in position to lower 26 suggest the formation of a metastable
solid solution in the as-deposited film, which is especially evident in the Ce-rich region
(Xce==10 at.%), which is consistent to what was observed in binary Al-Ce sputtered films
[121]. Note that the x-ray intensity drops (as evidenced by the low signal-to-noise ratio) in
the Ce-rich region, which is due to the larger size difference between Al and Ce. XRD was
measured at 17 locations in the annealed sample; however, 5 locations are shown in Figure
18(f-j) shows the same positions measured in the as-deposited sample. A variety of new
peaks emerge at various locations in the annealed sample. Additionally, as expected, the
aluminum peak intensity increases, narrows, and shifts to its expected position (higher 26)
consistent with rejection of Ce, Ni, and Mn in the Al phase. The binary Al:1Cez phase is
evidenced by the (123) peak at 34°. The peaks that emerged at ~30° and 46° 20 are
attributed to the Al23CesNis phase, while those at ~36° and 40° 26 are attributed to the
AlgCeMns phase. The peak present at 35° 20 is attributed to a quaternary phase that is
isomorphic to the cubic (a=8.38 A) Al7.9,CeCuz.64Mno.44 phase [108] and will be discussed

in detail in a future study.

Coefficient of thermal expansion determination

Figure 19 shows a sample XRD pattern collected at 550 °C during TDXRD on the film at
the center point, which has a composition of Alg215Ce260Ni2.43Mn2g2. Consistent with
Figure 18, there are peaks corresponding to four phases: Al, Al11Ces, Alx3CesNis, and
AlgCeMny, with the predominant peak being the Al (111) reflection. Inset in Figure 19 are

the overlaid patterns collected during the TDXRD experiment for the Al (111), Al11Ces
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Figure 19. Center thin film sample pattern (position 3) taken during TDXRD (shown is 550 °C)
with insets showing representative peak shifts for the Al (111), Al11Ce3 (123), and Al23Ce4Ni6

(314) peaks.
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(123), and Al3CesNis (314) peaks. Al and Al11Ces CTE values were used as a baseline in
the analysis as previous work showed good agreement between bulk and thin film CTE
values for these phases [74,128,121]. Figure 20 summarizes the CTE data of the Al,
Al11Ces, AlgCeMns, and Al23CesNis phases that are present in the center composition of
the film. Conveniently, the values for Al and Al11Cesz from this film were consistent with
previously reported values, and a best fit line was applied to the data. Thus, residual stress
or Poisson effects in thin films appear to be negligible. Both ternary phases demonstrated
interesting CTE behavior. The AlgCeMny phase exhibited a CTE similar in magnitude to
pure Al at low temperatures. However, the CTE decreased with increasing temperature,
going from 27.5x10° °C! measured at an average temperature of 50 °C to 21.5x10°°C?
at 500 °C. The Al3CesNis was determined to have a low CTE, ranging from 9x10°°C* to
14x10° °C* measured at an average temperature of 50 °C to 500 °C, respectively. For
comparison, the Al11Ces intermetallic has a nearly constant value of ~15x10°°C over the
same temperature range. Error was calculated from deviation in the peak fitting for the
AlgCeMns and Al23CesNis phases due to the ratio of signal-to-noise. This suggests that
Al23CesNig is an intriguing candidate for low CTE Al-based alloys. While AlsCeMnsis not
a suitable phase for these applications due to its higher CTE value, it demonstrates an

interesting negative temperature dependent CTE behavior.

Once phases with interesting CTE trends were determined via the thin film approach, bulk
samples were prepared to further investigate, confirm, and determine more quantitative
results. A bulk stoichiometric Al23CesNis Sample was cast, and a bulk single crystal was

grown (XRD patterns and Rietveld analysis on the cast sample can be found in
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supplement). XRD on the cast sample revealed 65 wt.% of the targeted Al.3CesNis phase;
the remainder of the sample was split between Al11Ces and two other AICeNi ternary
phases. These samples were ground into a fine powder and the CTEs were measured under
the same conditions as the thin films, but additional temperature increments were added
for the Alx3CesNis to further explore the temperature dependence in more detail (see
supplemental information). The cast bulk sample results with comparisons to pure Al and
Al11Cez taken from the same measurement are shown in Figure 21. Rietveld analysis on
the full XRD patterns were performed to extract each of the lattice parameters at the various
temperatures. Bulk AlsCeMn4 demonstrates similar behavior to the thin film results and
confirms the negative CTE temperature dependence. However, the magnitude of the
temperature coefficient is smaller in the bulk AlsCeMn,sample (-3.27x107°) relative to that
of the thin film (-9.09x10°), consistent with substrate latching. Starting at low temperature,
the CTE for Al3CesNis has a small value of =5x10°°C1 at -225 °C and increases to a local
maximum of ~15x106°C-* at approximately -100 °C. Above -100 °C, the CTE decreases
to a local minimum of ~10x10%°C™ at =75 °C. After reaching this minimum, the CTE
increases to ~14x10 °C* at 200 °C, at which point the CTE remains relatively stable to
~550 °C. A neutron experiment on the NOMAD beamline was also performed to confirm
this peculiar behavior and was consistent with x-ray measurements, as shown in Figure 21.
The low CTE results of the Al23CesNis phase, particularly in the 25 to 200 °C range, make
it an intriguing candidate for various applications. Magnetic and electron transport
experiments were performed in an attempt to rationalize the anomalous behavior of the

CTE around room temperature.
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Magnetometry and electrical resistance measurements

Magnetometry versus temperature measurements, as shown in Figure 22, were performed
as described in the Materials and methods section. The measurement shows no appreciable
change in the magnitude of the measured moment or the temperature-dependent slope in
the temperature range of interest; thus, the magnetic measurements suggest that no

magnetic phase transition can be correlated to the anomalous CTE feature.

Resistance versus temperature measurements, also shown in Figure 22, were performed
between 25 °C and 125 °C. As the temperature is increased from room temperature, the
resistance gradually decreases at a rate of =4% per 100 °C, behaving as an insulator or
semiconductor. At 95 °C the resistance rapidly drops, decreasing by 26% of the measured
value over 5 °C. After the drop, the resistance returned to a gradually decreasing trend.
Increasing the temperature, the resistance returns to its original value. Using the dashed red
line as a guide to the eye confirms that changes to the electronic structure do not generate
a corresponding magnetic response. The notable drop in the resistance may indicate some
form of charge ordering, such as a change in orbital occupancy, valence of the Ce, or
delocalization, all of which will result in changes in the resistivity. Considering the electron
density of states [112], there is a large peak resulting from the Ce-4f orbital just above the
Fermi level. This peak grows rapidly, starting precisely at the Fermi energy, and achieves
a maximum at 430 meV; the thermal energy at 90 °C is 31 meV, providing a AE/keT of
13x at its peak. This indicates that a Mott-like transition is possible: increasing the
temperature rapidly increases the probability of thermal excitation of electrons from the

Fermi energy to this valance band. It is notable also that Gout et al. [112] reports Al.3CesNis
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to be a metal (decreasing resistance with decreasing temperature) with an exceedingly flat
R versus T curve between -175 and 25 °C, while the current work sees a slight slope with
the opposite polarity (increasing resistance with decreasing temperature) at T>25 °C, with

a behavior more indicative of an insulator or semiconductor.

The CTE can also be affected by these electronic changes. Specifically, the CTE is defined
by the symmetry of the Lennard-Jones potential, which itself is determined by an
intermolecular pair potential containing the attractive London dispersion force and Pauli
repulsion force. The London dispersion force is a consequence of thermally driven
inhomogeneities in the electronic orbitals and a resulting electrostatic attraction. The
counter force is the Pauli repulsion, which occurs as a consequence of orbital overlap and
occupancy. Changes in the orbital occupancy or delocalization effects (which occur as
electrons are excited into the unoccupied Ce-4f orbital) will change the balance of these
forces. Therefore, the potential well may increase in its symmetry, reducing the CTE. The
coupling between a Mott transition and the CTE has been reported previously in metal-

organic hybrid structures [129].

Thermodynamic assessment

The Alx3CesNis phase was observed in the quaternary Aligoxy-2CexNiyMn; thin film
system. To further explore this phase, a new sample was sputtered with only the Al-Ce-Ni
ternary system. Interestingly, it was found that the formation range for the Al23CesNis
phase shifted to higher Ce and Ni concentrations without the Mn additions. The formation
ranges based on the normalized relative intensity of the corresponding Al23CesNis phase

peaks are shown in Figure 23. The quaternary system only required approximately 1.5 at.%
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Mn to shift the formation range of the Al3CesNis phase. The non-normalized relative
intensities to the Al (111) peak are also given in Figure 23. As can be seen, the Mn
containing system has a stronger overall relative intensity compared to that of the ternary
Al-Ce-Ni system. This suggests that the formation range shifts with the addition of Mn and
that the phase forms more readily in the quaternary system than the ternary system. This
behavior was further explored in bulk castings. Two samples of AlgeCe2.4Ni23Mno7 and
Algs 3Ce24Niz 3 were cast. The sample without Mn does not form the Al23CesNis phase,
whereas the sample with only 0.7 at.% Mn does form about 3 vol.% of the Al23CesNis
phase. The Rietveld refinements are shown in supplemental information for these bulk
alloys. Thus, it is believed that Mn acts as a stabilizer for the Al.3CesNig phase as it does
for other intermetallics in Ti alloys, various steel alloys, and others [130-134]. Further
investigation into other stabilizers and compositions can be performed to optimize the
formation of the Al23CesNis phase. Additionally, thermal treatments can be explored to

optimize the phase fraction.

The ThermoCalc software and TCALS8 [135] thermodynamic database were employed to
better understand phase equilibria involving the Al3CesNis phase. Figure 24 presents 10
at. % Ce and 10 at. % Ni calculated vertical sections of the Al-Ce-Ni phase diagram. Both
phase diagrams predict Al23CesNig as the primary solidification phase over much of the
composition range. In contrast, Tang et al. [114] reported primary solidification of the
AlsCeNi ternary intermetallic phase over nearly the entire composition range with

Al23CesNis forming via a peritectic-type reaction,

L+ A14CeN1 + Als CeNiZ ->L+ A123C84Ni6
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Wau et al. [116] also reported no ternary Al.sCesNis phase, although the compositions of

their alloys were lean in Ce and Ni and far from the stoichiometry of Al>3CesNie.

Figure 25 presents phase diagrams (phase fractions versus temperature) for two alloys, Al-
12Ce-18Ni and Al-13Ce-19Ni, which have less than and more than the stoichiometric Ce
and Ni concentrations for Al3CesNis, respectively. There is a dramatic difference in the
amount of the expected phase in the two alloys. If the composition is slightly lower than
stoichiometry (Al-12Ce-18Ni), the equilibrium microstructure is predicted to be >90 %
Al23CesNis above about 550 °C, with the rest of the microstructure comprised of small
amounts of FCC Al, Al11Ces, and AlsNi, Figure 25a. Conversely, when the composition is
slightly higher than stoichiometry, the equilibrium microstructure contains only =70 %
Al23CesNig and 15-20 % each of AlsCeNiz and Al4CeNi, Figure 25b. The predicted
equilibrium microstructure of Al-17Ce-10Ni (not shown) is 65 % FCC Al and 35 %
Al23CesNis between 550 °C and the solidus near 630 °C; below 550 °C, Al23CesNis is
expected to decompose into Al11Ces and AlsNi (and FCC All). Because the current TCALS
database considers neither the quaternary Al-Ce-Mn-Ni system nor solubility of Mn in
Al23CesNig, the role that Mn may play in the phase stability of Al2sCesNis cannot be

probed.

The present work clearly identifies Al23CesNig in the thin film combinatorial library, but
subsequent attempts to produce an alloy with a high volume fraction of the ternary phase
have been largely unsuccessful. The observed microstructure of the stoichiometric alloy is
very similar to that predicted for an alloy with Ce and Ni contents above Al>3CesNis,

strongly suggesting that the actual alloy composition was slightly richer in Ce and Ni than
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intended. The Al-17Ce-10Ni composition contained almost no Al23CesNig in either the as-
cast state or after annealing at 550 °C for 24 h, despite a calculated fraction of 35 % between
550 °C and melting. The reason that it does not show up in the as-cast material is likely
related to Kkinetics, i.e., the phase is difficult to nucleate upon solidification, allowing the
binary intermetallic phase to dominate the solidification microstructure. Further, the
chosen annealing temperature of 550 °C is likely too low to promote Alx3CesNis, either
because the driving force for its formation is too low or because the calculated temperature
at which it forms is incorrect. The temperature reported by Tang et al. [115] was =500 °C.
However, most of the available experimental data have been collected at 500 °C and 800
°C, leaving a large uncertainty in the stability limit of the phase [136]. Current work by
Kozakevich et al. demonstrates Al23CesNis can be formed in appreciable quantities by
adjusting the solidification kinetics through cooling rate in compositions similar to those
provided in this study [137]. Additional recent work by Perrin et al. also demonstrates the

effect of Mn on the eutectic phase equilibria in Al-Ce-Ni alloys [138].

Conclusion

The crystal structure, film morphology, electrical resistivity, and temperature-dependent
coefficients of thermal expansion are all correlated to the Aligo-x-y-2CexNiyMn, composition.
The co-sputtered films form a continuous composition gradient of the various constituents.
In the as-deposited state, the Al (111) peak is present. Peak broadening and shifting indicate
the formation of a metastable solid solution. Annealing leads to the formation of Al and
the a-Al11Ces, AlsCeMns, and Al3CesNig intermetallics. Temperature-dependent CTE was

investigated at a series of fixed composition points along the wafer via temperature-
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dependent x-ray diffraction. The phases expand independently of one another. Al and a-
Al11Ces CTEs were consistent with previously reported values. AlsCeMns demonstrated a
negative temperature coefficient with the CTE decreasing from 27.5x10 °C* measured at
an average temperature of 50 °C to 21.5x10%°C™ at 500 °C, which was confirmed with
bulk measurements. Al23CesNie exhibited an interesting CTE behavior with an anomalous
minimum near room temperature, which was also confirmed with bulk measurements. The
CTE for the bulk Al,3CesNis intermetallic has a small value of ~5x10°C™ at -225 °C and
increases to a local maximum of ~15x10°°C™* around -100 °C. Subsequently, the CTE
turns over to a minimum of ~10x10%°C at 75 °C and then increases to 14x10 °C* at 200
°C, at which point it seems to stabilize out to 500 °C. Further investigation to rationalize
this anomalous behavior was conducted. Resistance measurements suggest that there is an
electronic transition which is commensurate with the CTE anomaly, while magnetometry
measurements show no meaningful changes. Thermodynamic assessment of the alloy
system was conducted in an attempt to elucidate a heat treatment to promote the formation
of a substantial amount of the Al23CesNis intermetallic to leverage the unique CTE
behavior for industrial applications. The Al-17Ce-10Ni composition contained almost no
Alx3CesNis in either the as-cast state or after annealing at 550 °C for 24 h, despite a
calculated fraction of 35 % between 550 °C and melting. Further evaluation suggests
annealing at 575 °C should promote the formation of a greater volume fraction of
Al23CesNie. Further study into the mechanical properties and suitability of these alloys to

replace traditional Al-Si alloys is required.
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Introduction

Developing new materials that can operate under extreme environments such as ultrahigh
temperatures (800 to >2200 °C), stresses (>1 GPa), resistance to energetic particle
collisional damage, corrosive environments, and combinations thereof are necessary to
achieve targets including cleaner, more efficient energy production and storage concepts
(e.g., combined cycle power plants or fusion energy) and advanced propulsion technologies
(e.g., hypersonic flight) [139,140]. Identifying and obtaining materials with properties that
are optimized for a specific use case is at the core of materials science. However, traditional
materials development relies on time-consuming and expensive experimental work. A
particularly promising class of structural materials are compositionally complex metallic
alloys (CCAs) — alloys containing four or more principal elements [141]. Whereas
traditional metallurgy depends on the selection of a primary constituent to confer a primary
property, CCAs have the promise to address several property requirements simultaneously.
Due to the wide range of elements in the design palette, a plethora of CCAs are candidates
for applications involving extreme operating conditions [142—145]. Thus, it is imperative
to develop a methodology for the rapid identification and optimization of new
compositionally complex alloy systems. Accordingly, this work develops a methodology
combining combinatorial thin film sputtering, rapid characterization techniques, and bulk

material upscaling.
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Refractory CCAs (RCCAs) — or those containing mainly combinations of Ti, V, Zr, Nb,
Mo, Cr, Ta, and W among others — are of particular interest for applications in extreme
environments due to their high melting points, and combination of room temperature and
high temperature mechanical properties [146-149]. RCCAs can take the form of single
solid-solution phases rather than forming intermetallics. Typically, they take the form of
either a hexagonal-close packed (HCP) or body-center cubic (BCC) crystal structure [150].
TawTixHfyZr; alloys (TTHZ alloys) and their variations have been of particular interest in
the class of materials. TTHZ alloys have shown exceptional promise in biomedical
applications where biocompatibility, modulus, corrosion resistance, and radiation
compatibility are paramount [151,152]. However, they also show potential in high
temperature applications. Specifically, TTHZ alloys have been shown to demonstrate
TRansformation Induced Plasticity (TRIP) behavior [153]. TRIP was first observed in high
performance steels where a strain-induced martensitic transformation leads to a
considerable increase in both strength and plasticity [154-156]. A BCC TTHZ alloy was
synthesized by Huang et al. and it was shown that TRIP behavior can be leveraged to inhibit
early cracking of the brittle BCC phase providing an effective means to improve both
strength and ductility [153]. At room-temperature Ta is the only element of the four that
takes on a BCC structure. However, at elevated temperatures Hf, Zr, and Ti each transition
to a BCC structure at 1749 °C, 863 °C, and 893 °C, respectively [157]. This suggests that
by tuning the composition and phase stability, TRIP behavior may be observed at elevated

temperatures thereby improving the high temperature strength and ductility of the alloy.
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While these RCCAs are of interest, they can be hard to synthesize due to the high melting
point of the constituent elements [149,158]. Therefore, reducing the number of
compositions to explore, and thereby reducing the amount of processing optimization, can
greatly accelerate materials development. Combinatorial thin films libraries have been
utilized as a rapid materials discovery tool [21,33,159]. Co-sputtering is able to achieve
thin film compositions that cover a large composition range, while allowing for the
realization of metastable material configurations; for example, supersaturated solid
solutions commonly result in various as-deposited sputtered alloys due to the high energy
deposition process and fast cooling rates [5,6,10]. Subsequent annealing of the film can
lead to equilibrium phases of the system through phase separation, recrystallization, and
grain growth though metastable phases may still be present [8,66]. We apply the thin film
rapid materials discovery approach to the TawTixHfyZr, system as a cursory technique to
identify candidate phases and compositions for various extreme environment applications.
Material properties such as crystal structure, mechanical properties (modulus and
hardness), thermal stability, and corrosion resistance are all correlated to the TawTixHfyZr;
composition. These material properties identified in the films are used as a semi-
quantitative guide to rapidly down select promising alloy compositions. Previous thin film
work has shown good agreement between thin film and upscaled materials properties such
as coefficient of thermal expansion and other mechanical properties [38,160-164]. Other
related work with refractory high entropy alloy (RHEA) thin films suggests combinatorial
thin films is a promising and cost-effective way to not only investigate properties (such as

mechanical properties and corrosion behavior), but also is promising as tool for advanced
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coating materials [165-167]. Identified compositions of interest can be upscaled into bulk
cast alloys for further, more extensive investigation in the desired application space.

Elastic and plastic properties are a key criterion in the down selection when transitioning
to bulk materials. Substrate effects on the modulus and hardness values obtained through
the nanoindentation of thin films have been studied at length [37,39,164,168-170]. Doerner
and Nix first developed a method for extracting mechanical properties from
nanoindentation, which adopted the Loubet et al. solution of Sneddon for the elastic
deformation of an isotropic elastic material with a flat-ended cylindrical punch [171-173].
The standard modulus analysis for thin films is the Oliver and Pharr method where the

reduced (measured) modulus, E; is given by:

1 (1-v?) , 1-v?)

5 5 T & (1)

where vi and E; are the Poisson’s ratio and elastic modulus, respectively, of the diamond
Berkovich indenter tip and v and E are the Poisson’s ratio and elastic modulus of the
material being tested. However, this equation only holds true in monolithic systems (i.e.
when the film and substrate have similar elastic properties [174-176]. King modified the
Doerner and Nix relationship to account for materials deposited on non-similar substrates.

Here the reduced modulus is defined as:

1 _a-vd | avH o 8 a-ov?) o &
E. E + Ef (1 ea)+ Es (e a) (2)

where s denotes the elastic properties of the substrate, f denotes the elastic properties of the
film, a is the square root of the projected contact area, t is the thickness of the film below
the indentation, and « is a numerical scaling factor that is a function of a/t and the indenter

geometry [177,178].
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Materials and methods

Sputtering Conditions

TawTixHfyZr; alloys were co-sputtered from pure Ta, Ti, Hf, and Zr targets to form a
combinatorial libraries across a 100 mm diameter SiO-coated (500 nm) Si substrate (500
pm) and a fused silica substrate. The substrates were fixed (not rotated) to generate the
desired composition gradient. An original base pressure of ~3x10~" Torr was achieved in
the system. The Ta target was powered by a 120 W DC source, the Ti by a 190 W DC
source, Hf by a 165 W RF source, and Zr by a 145 W RF source in a 5 mTorr Ar ambient
atmosphere for 70 minutes such that a minimum thickness of approximately 2 pm is
obtained with a target center composition of Tas Ti2oHf20Zr20. The approximate deposition
rate at the respective target powers at the substrate center were Ta = 13.5 nm/min, Ti =

5.00 nm/min, Hf = 8.30 nm/min, and Zr = 6.14 nm/min.

Thin film annealing conditions

To measure the nanoindentation, the film was cut into 17 squares. Subsequent to measuring
the as-deposited indentation, these chips were annealed in a vacuum furnace with a base
pressure of ~3x107 Torr by radiation heating from halogen lamps to 1000 °C where they
were held for one hour. Larger samples for further characterization were annealed in a 4”
tube furnace that was pumped out with a roughing pump and then back filled with an Ar +
2.5% H mixture. These samples were heated to 1200 °C, held for one hour, and allowed to

furnace cool.
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X-ray conditions

Room temperature x-ray diffraction (XRD) patterns were measured using a Malvern
Panalytical X Pert® MRD diffractometer, and temperature-dependent XRD (TDXRD)
experiments were performed using a Malvern Panalytical Empyrean diffractometer. A 26-
® scan with an o offset of 3° and Cu Ka radiation (A=0.154 nm) was used for all
experiments. Room temperature XRD experiments on as-deposited and annealed samples
were performed from 25° to 80° 26 with a step size of 0.05° (the total time of each scan
was 30 min). Following annealing, the XRD experiment was repeated with the same
conditions to compare the change in crystal structure. TDXRD experiments were
performed from 20° to 70° 20 using a 0.39° step size (the total time of each scan was 30
min). The sample was heated in situ from 25 °C to 1100 °C in an Ar-3% Hydrogen
atmosphere with a heating rate of 5 °C/min. Data was collected at 25, 200, 400, 600, 800,
1000 and 1100 °C after a five-minute hold at each temperature to allow the sample to reach
thermal equilibrium. The same conditions were used during the cooling cycle. In total,
thirteen measurements were taken for each complete temperature cycle. Temperature was
measured in the heated stage via a thermocouple. A series of calibration tests were
performed before starting TDXRD on samples. Alumina was used as a calibration sample

and compared to literature, which can be found in the supplemental information [125-127].

Scanning Electron Microscopy and Energy dispersive X-ray spectroscopy

Energy dispersive x-ray spectroscopy (EDXS) and scanning electron microscopy (SEM)

were conducted on a Carl Zeiss MERLIN SEM. The combinatorially sputtered
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Figure 26. Simulated (a, b, ¢, d) and experimentally determined (e, f, g, h) composition gradient

profiles for Ta (a,e), Ti (b,f), Hf (c,g), and Zr (d,h) on the 100 mm diameter combinatorial wafer.

Note the approximate target locations relative to the substrate in a. The numbers in a denote the

locations of XRD patterns taken in the as-deposited state. The approximate equiatomic location is

position 4.
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TawTixHfyZr; as-deposited sample was measured at 17 equally spaced increments across

the wafer. An accelerating voltage of 10 keV was used for EDXS.

Nanoindentation

Indentation testing was carried out on an iMicro (NanoMechanics Inc.) nano indenter
equipped with a Berkovich (three-sided pyramid, 65.3° cone angle ) diamond tip. Modulus
and hardness values were obtained as a function of depth based on the Oliver-Pharr
continuous stiffness method (CSM) [174,182]. Substrate effects on measured modulus and
hardness values were evaluated by analyzing the modulus and hardness versus depth.
Indents depths of 50 nm, 100 nm, 200 nm, 300 nm, and 500 nm were compared. 175 nm
was determined to be the optimal indentation depth with a 160 nm reporting depth (90%
of total depth) for modulus and hardness values. Modulus was then corrected with equation
2. Grids of 6 by 6 indents were made using 3 um spacing between indents. Other fixed
parameters that were set for testing include Poison’s ratio is assumed to be 0.3, a tapering
constant of 350, and stiffness for contact 50 N/m. Additionally, pile ups were considered,
and a depth correction Q was integrated into the hardness and modulus versus depth curves.
Relative indentation locations as well as surface roughness can be found in supplemental

information.

Results and Discussion

Full Wafer Characterization

Figure 16 illustrates the composition profiles for Ta, Ti, Hf, and Zr across the 100 mm

diameter combinatorial wafer. The system was oriented such that primary gradients are Ta
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Figure 27. Rule of mixture approximations for melting point, atomic radius, modulus, and
hardness determined from the simulated combinatorial composition gradient. The star in a

denotes the equiatomic position.
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to Zr and Ti to Hf. Figure 26 (a-d) show simulated composition profiles. For the simulated
composition profiles, the four sputtering guns were modeled as individual Knudson surface
sources, where the parameters specific to our system have been previously determined
[4,6,9]. Figure 26e-h show the experimentally determined composition profiles.
Compositions were measured at 17 points across the wafer using EDXS (see sample spectra
in supplemental information 2). Good agreement between the simulated and experimental
composition and thickness profiles has been shown previously [5,6,10] and is observed in
Figure 26. The Ta composition varies from ~20 to 75 at.%, Ti, Hf and Zr each from ~5 to
55 at.%. The center composition was tuned such that Ti, Hf and Zr are close to equiatomic
(~20.8 at.%) with the balance being Ta (37.5 at.%).

Rule of mixture approximations of the melting temperature, atomic radius, modulus and
hardness based on the simulated composition profiles were generated to provide an initial
guideline for the material system. Further, the data collected was directly compared to these
approximations to determine their deviation and understand the unique attributes of this
material system. These approximations are shown in Figure 27. Note the values assume
the hexagonal close packed (HCP) crystal structure for Hf, Zr and Ti, and tetragonal phase
(B) for the Ta, where B-Ta has been shown to have a significantly higher hardness value
than BCC Ta while only having a mild effect on the modulus value [183-185].

To examine the crystal structure of the films in the as-deposited state of the TawTixHfyZr,
thin film, XRD measurements were performed at 9 points across the sample. Five
equispaced points were measured along the Ta to Zr gradient and 4 points were taken along

the Hf to Ti gradient with the center point from the Ta to Zr scans being shared for a total
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of 5 points along each primary gradient line (see Figure 26a for positions). The as-deposited
XRD results are shown in Figure 28. The BCC (110) reflection dominates in the as-
deposited state. Note that the (110) orientation in BCC crystals has preferred orientation
due to the low surface energy [186,187]. Broadening in this primary peak and shifts in the
26 position suggest the formation of a metastable solid solution in the as-deposited film.
The shifts in the peaks are consistent with the change in average atomic radius seen in
Figure 27 with Ta having a smaller atom and shifting the peak to higher 26 with increasing
Ta concentration. While BCC is not the equilibrium phase for Hf, Ti, and Zr [157], it has
been shown that these elements will take on a BCC structure during thin film deposition
by varying deposition parameters and adding only nominal amounts of a BCC former such
as Taor Nb [169,188-193]. Slight peak sharpening also occurs at the Hf and Ti edges. This
sharpening is also consistent with the relative melting points of Zr, Hf, and Ti.
Additionally, at the high Ta edge, a secondary tetragonal peak emerges as shown in Figure
28a. While bulk tantalum normally has BCC structure (a-Ta), it has been shown that the
metastable B-Ta can form in thin films depending on the deposition parameters [194-197].
XRD was also performed on an equivalent sample deposited on fused silica and cut into
squares that for nanoindentation. The general locations of these squares are denoted in
Figure 29a. Similarly, as in Figure 28, The BCC (110) reflection dominates in the as-
deposited state shown in Figure 29(b-g). Broadening in this peak indicates a nanogranular
film is realized and a solid solution is achieved in the as-deposited film state. XRD was
repeated on these squares following a 1000 °C anneal as presented in Figure 29(h-m).

Interestingly, the upper two squares with the highest Ta content showed little to no
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crystallization. This is consistent with the rule of mixtures melting temperature
approximation, which suggests these compositions require a higher annealing temperature
for recrystallization to occur (for alloys ~ 0.5 Tm). The middle two squares (S3 and S4)
show good recrystallization. Rietveld analysis reveals that S3 recrystallizes as 68% BCC
and 32% HCP and S4 recrystallizes as 62% BCC and 38% HCP. Further the two squares
farthest from Ta (S5 and S6) also show good recrystallization. S5 recrystallizes as 56%
BCC and 44% HCP with S6 recrystallizing as 52% BCC and 48% HCP. This trend
underscores the effect of Ta on the stability in the BCC phase. The Rietveld analysis can
be found in supplement information.

To understand the phase evolution during annealing, temperature-dependent Xx-ray
diffraction was performed at the equiatomic position as shown in Figure 30. The system
remains in a solid solution and the peak shifts lower 26 up to 400 °C. Recrystallization and
an BCC-to-HCP phase transformation begins around 600 °C and recrystallization occurs
at 800 °C. Evolution of the phases shows a near 50/50 mix of HCP/BCC at 1100 °C.
Interestingly, upon slow cooling, the film is almost completely HCP, which is different
from the annealed sample behavior in Figure 29. The main differentiating factor between
the TDXRD sample and nanoindentation sample annealing recipes was cooling rate. The
TDXRD sample was slow, program cooled at 10 °C/min over the course of several hours
while the nanoindentation samples cooled at a faster rate (the lamps were shut off and
cooled as fast system would allow). This suggests the cooling rate plays a significant role

in the phase evolution of this quaternary system.
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Further investigation of the cooling rate was done on a bulk Tai25Ti2g2Hf292Zr292 alloy
which was as-cast (fast cooled) and a slow furnace cooled. All illustrated in figure 30a),
the as-cast state shows an entirely BCC structure. However, Figure 30c) shows that
allowing the system to furnace cool after homogenization shows a dual phase HCP+BCC
structure with the HCP phase being dominate at 92% of the phase fraction. Another
processing methodology explored for its impact on phase equilibrium was cold rolling
which should transform some amount of the material from BCC to HCP under some load.
Figure 30c) shows that cold rolling the as-case sample to a 25% reduction leads to an
entirely HCP structure. This indicates that this composition is extremely susceptible to
TRIP behavior as previously reported in this alloy system [15]. Further, the furnace cooled
sample that is predominantly HCP cannot be cold rolled without crumbling. This distinct
change in rollability emphasizes the BCC-to-HCP TRIP behavior.

DFT calculations were performed to aid in the understanding of the phase stability and
cooling rate dependence in the TTHZ alloy system. Based on the BCC to HCP formation
energy difference shown in Figure 32, the energy barrier to form the HCP phase versus the
expected BCC phase is very low. This is particularly true in indentation squares S5 and S6
where these values are approximately equal. This is in line with the observed near 50/50
phase ratio of BCC to HCP determined via XRD and Rietveld refinement. Similarly, as we
move toward the Ta side, we see this ratio shift up to approximately 70/30 in S3 and 60/40
in S4. The change in ratio of BCC to HCP is consistent with the difference in formation
energy shown in Figure 32. However, this is nonlinear which is consistent with the

difference in ratio between S3 and S4 where S3 seems more BCC form.

100



Retal o ' ' ypec
*HCP

¢
B I

e

L 1 L
Cold Rolled| %

.

Normalized Intensity
I

S
Furnace Cool| 4

T
=
|

T
*
1

20 30 40 50 60 70 80
26 (°)
Figure 31. X-ray diffraction patterns for three bulk samples: as-cast, cold rolled, and furnace

cooled after homogenization.

101



b2h

0.1580

0.1357

0.1134

0.09106

0.06875

0.04644

0.02413

0.001812

-0.02050

Figure 32. Computation modeling of BCC versus HCP phase stability. More positive values

indicate higher BCC stability.

102



Nanoindentation

Nanoindentation results, specifically modulus and hardness, for the as-deposited sample
are shown in Figure 33a and b, respectively. The as-deposited modulus results in general
follow the rule of mixtures results, where the b Ta phase has the largest modulus and Zr is
the lowest, thus the gradient along the Ta-Zr axis. The slight gradient in S5 and S6 that
has a lower-to-higher gradient along the Ti-Hf gradient is counter to the rule of mixtures
approximation. The hardness values for the composition range explored peak towards the
high tantalum region whereas the rule of mixtures estimation suggests that the peak should
appear in the Hf-rich region. While the Ta-Hf corner is the hardest, we attribute the
observed hardness trend to convolution of the composition and grain size as Tantalum has
the highest melting temperature and thus will tend toward smaller as-deposited grain size.
SEM images confirm this trend. The system further deviates from both rule of mixtures
approximations upon subsequent annealing. The modulus of the annealed film shown in
Figure 33c homogenizes and reveals a minimum in the Ti rich square S4 and another
minimum at the bottom of S5, which is rich in the low modulus Zr. The hardness on the
other hand increases by almost a factor of two and the trend shifts from the as-deposited
state. The increased hardness is attributed to precipitation hardening of the dual phase BCC
and HCP system. The highest hardness in the annealed state is in S1 and S3 along the Hf
edge. These trends are due to the high hardness of Hf and competing grain size effects as
the tantalum content increases the melting temperature and thus less recrystallization and
smaller grain size. Interestingly, there is also a local minimum in hardness around S2.

Further, there seems to be a clear delineation in the hardness in the bottom two squares of
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Figure 33. Modulus and Hardness maps for the as-deposited and annealed TawTixHfyZr, films.
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the annealed samples. While this could just be variations due to the sample chemistry, this
could be an indicator of TRIP behavior.

TRIP behavior can be identified in nanoindentation data through two means: dislocation
bursts which leads to “pop-in” behavior resulting in discontinuities in the load depth curve
and deviations where the slope of the load depth curve changes [78-83]. Both mechanisms
are observed in the TTHZ films as shown in Figure 34. The “pop-in” behavior was observed
primarily in the Ta rich regions. It should also be noted that this “pop-in” behavior can also
be indicative of crack initiation [84,85]. Based on SEM imaging shown in Figure 34, it is
likely that the pop-ins observed in these regions are likely due to their brittle nature and
crack initiation. However, larger scale fluctuation behavior was seen in the low Ta regions.
Hardness and modulus values versus depth are plotted for a few indents to illustrate this
behavior. In Figure 34a, the hardness shows discontinuities in line with the load versus
depth relationship, however, the modulus seems less sensitive to the “pop-in” dislocation
bursts. On the other hand, the annealed sample in Figure 34b shows dramatic fluctuations
in the hardness and modulus versus depth behavior in line with the deviations in the load
depth curve. As stated previously, this behavior is predominantly seen in the annealed, low
Ta regions. This is consistent with the lowest energy barrier between BCC and HCP phase
formations determined by DFT calculations in Figure 32 and consistent with our bulk
results above and [15]. Further, the grain size of the film is significantly smaller than the
indentation size thereby limiting the grain boundary effects. AFM (S5) was performed on
the sample and revealed a root mean square roughness of approximately 10 nm. All

hardness and modulus data were reported starting at 20 nm to limit tip contact variation on
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Figure 34. Plots of load, modulus and hardness versus depth showcasing the two means for

identifying TRIP in nanoindentation data: (a) “pop-ins” and (b) “deviations or wobbles.”

106



the sample. An example plot of load, hardness, and modulus versus depth for curves in S3

and S4 that do not show TRIP behavior is shown in supplement.

Conclusions

The crystal structure, film morphology, and mechanical properties (i.e. modulus and
hardness) were all correlated to TawTixHfyZr, composition. The presence of
Transformation Induced Plasticity (TRIP) was also explored and correlated to the
TawTixHfyZr, composition. In the as-deposited state, the film shows a rule of mixtures
based gradient in the properties of the film with the hardness and modulus being highest
with the highest Ta content. Upon annealing, the film forms a dual phase BCC+HCP
structure with the relative amounts of each phase being dependent on the Ta content. This
is consistent with the relative difference in formation energy between the two phases as

calculated with DFT. Further, the overall hardness of the film doubles upon annealing
while the modulus values homogenize. By extracting the load-depth curves from
indentation TRIP behavior can be seen via “wobbles” or deviations in the slope. TRIP is

observed in the recrystallized section of the film with the lowest Ta content.
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Figure 35. EDS maps for as-deposited compositions: AlgssCeos, Alg75Ce2s, AlgoCeio Showing

homogeneous distribution of Al and Ce
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Figure 36. Plane view SEM images of the as-deposited films where (a) AlggsCeos, (b) AlggoCero,

(c) AlggsCers, (d) Alg7.0Ces0, (€) AlessCess, (f) AlszsCers, (g) AlsosCeios, (h) AlgsoCeiso, and (i)

AlgooCex.o.
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Map legend:
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Figure 37. EDS maps for annealed Alg75Ce25 showing phase separation.
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Figure 38. Comparison of area fraction determined from image analysis of SEM micrographs in

figure 3 and calculated volume fraction using the lever rule on the equilibrium phase diagram.
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Figure 39. Example of thresholding performed on SEM micrographs in figure 3 via ImageJ

thresholding functionality. This is the Alo25Ce7s composition and shows 45.5% Al phase and 54.5

Al1;Ces phase.
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Figure 40. XRD results of the AlggsCeos composition for (a) the heating cycle from room

temperature to 550°C, and (b) the cooling cycle from 550°C back to room temperature. Inset are

the normalized Al (111) peaks, and the Al11Ces (123) intermetallic peaks.
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Figure 41. XRD results of the pre-annealed Alg, sCe;s composition for the heating cycle from

room temperature to 550°C. Inset are the normalized Al (111) peaks, and the Al11Ce; (123)

intermetallic peaks.
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Figure 42. XRD results for the bulk Al;1Ces phase
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Figure 43. Expanded Rietveld analysis that accounts for preferred orientation performed

on the bulk Al11Ces sample (compared to reference code 04-001-3600 with a score of 92)
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Figure 44. HTXRD results of the (123) plane from the bulk Al:1Ces phase showing the peak shifts

from room temperature 25°C to 550°C
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Figure 45. Refined lattice parameter values from the pure Al;1Ces bulk sample with respect to

temperature
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Figure 46. HTXRD results for the Al11.Ces (minus 1 wt.% Ce) composition with Al (111) and

Al11Ces (123) insets for room temperature to 550°C
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Figure 47. HTXRD results for the Al11Ces (plus 1 wt.% Ce) composition with Al;Ce and Al11Ces

(123) insets for room temperature to 550°C
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Figure 48. Calibration of high temperature XRD stage using alumina as a standard
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Figure 50. Sample Rietveld refinement on the annealed and quenched Alx;CesNis stoichiometric

casting.
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Figure 51. Overlayed TDXRD plot for single crystal Al2;sCesNig with inset to highlight minimal

peak shifts
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Figure 52. Temperature dependent lattice parameters and volume for the Alx;sCesNis phase from

the powderized single crystal neutron data
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Figure 53. Relative indentation locations for each square along with the equiatomic composition

location

Roughness Values in nanometers at Grid Indentation Site

Section 2

Hf

Section 4

Figure 54. Relative surface roughness values for each square tested.
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Figure 55. Rietveld fit analysis and RWP for S3.
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Figure 57. Example Load-Depth, Hardness-Depth, and Modulus-Depth curves for an indent in S3

that does not demonstrate TRIP behavior
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Figure 58. AFM topology maps of S5 from top (location 1) to bottom (location 5). 1 micron boxes

with the RMS roughness values
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