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Abstract

AlxCeio0x 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 AlxCeioo-x 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-Al;1Ces 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
Al;Ce;3 intermetallic phase has a nearly constant CTE of ~1.5x10%/°C within the temperature
range studied (25-550°C). To confirm the thin film Al;;Ce;s 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.

1. 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, castability, and
thermal stability relative to existing aluminum alloys [1,2]. 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
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and cost-savings of traditional aluminum alloys while providing high-temperature stability due to
the formation of intermetallic phases [3—5]. Recently, the Al-Ce alloy system has also been of
interest as a surface coating for corrosion resistance [6,7] 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

[8].

Al has a face-centered cubic (FCC) structure with a lattice parameter of 4.04 A [9]. 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 [10]. 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
aAl;1Ces intermetallic. aAl;1Ces forms an orthorhombic structure with a=4.39 A, b=10.08 A,
and c=13.02 A [11].

The coefficient of thermal expansion (CTE) is an important parameter in high temperature
applications as the change in dimension with temperature affects operational tolerances 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 [12]. Using
this technique, it has been shown that the CTE decreases with increasing grainsize [13], and that
various phases can be measured simultaneously [14]. Furthermore, CTE anisotropy has been
explored by comparing various reflections in non-cubic systems [15,16].

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 [17,18]. Subsequent annealing can be utilized to achieve the equilibrium state of
the system through recrystallization, grain growth, and phase separation [19,20]. 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 (AlxCeio0-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 Al;1Ces
intermetallic to determine its suitability. Thus, a combinatorial library of AlxCeioo-x
(~75.0<x<99.5 at. %) alloys is co-sputter deposited and the crystal structure and phase fraction,
film morphology, effective electrical resistivity, and temperature-dependent coefficients of
thermal expansion are all correlated to the AlxCeioo-x composition.

2. Material and methods

2.1 Sputtering Conditions



AlxCei00x 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 (500um). 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 a 5 mTorr Ar
ambient atmosphere for 2 hours.

2.2 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 26- Q scan with an Q 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 measurement was taken. The same conditions were used during the cooling
cycle. In total, thirteen measurements were taken for each temperature cycle.

2.3 Annealing Conditions

Annealing was conducted in vacuum with a base pressure of ~3x10”7 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.

2.4 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 AlxCeioox 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.

2.5 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.



3. Results and Discussion

3.1 Full Wafer Characterization

a. .

9 8 7 6

= Simulated
C- e Experimental

©
&
1

5 4

d. e

800

~

=]

3
1

)

S

3
!

@

3

3
!

3

2

1

0.85

Thickness (nm)
850

750
/
7/
{ 650
/
A

Thickness (nm)

Al Composition (%)
©
8

*
&
L
"
.
IS
=]
3
!

8
.
.
@
8
8
N
.

N
S
3

Position s 0
X (cm)

Position

Figure 1: (a) Schematic of sputtering configuration. (b) Simulated Al composition of the Al-Ce
combinatorially sputtered 100 mm diameter film. Comparison of simulated versus experimental (c)
composition and (d) thickness. (e) Simulated film thickness of the Al-Ce combinatorially sputtered 100
mm diameter film. Dashed black box denotes area of study.

Figure la is a schematic of the sputtering configuration used to synthesize the AliCeioox 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 O 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 1b also illustrates the simulated
[21] Al composition across the entire substrate and 1c) the simulated versus experimental EDXS
measured film composition and the 1d) 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 lc and 1d show good
agreement between the experimental and simulated composition and thickness, respectively.
Figure le shows the complementary thickness as a function of the substrate position for the
entire substrate.
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Figure 2:XRD results for Al.Ce o« films for (a) as-deposited and (b) annealed samples. Grey lines denote
Al peaks. Red lines denote Al;;Ces peaks [22]

To confirm the crystal structure of the as-deposited and annealed combinatorially sputtered
AlxCeoo-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 2. For
x>97.0, the Al (111) reflection dominates with trace reflections of the (222) plane. A shift in 26
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 drops as evidenced by the low signal
to noise. A broad amorphous hump emerges at ~ 70° and is attributed to the amorphous Al;1Ces
phase, which has reasonable phase fraction in this region. The Al;iCes is fairly refractory as it
has an incongruent phase transformation to Al4Ce and Al;Ce at ~1000°C [23], 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 26 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 Al;1Ces 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 Al;1Ces intermetallic phase emerges and the peak ratio of the Al (111)/Al11Ces (123)
decreases consistent with the expected increase in the Al;1Ces phase fraction with increasing Ce
content. Note that the (111) orientation in FCC crystals have a preferred orientation due to the
low surface energy [24]. 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 Al;1Ces (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.

l.

Figure 3. Plane view SEM images of the annealed films where (a) AloosCeqs, (b) AloooCer.o, (c) AlossCers,
(d) Alo70Ces., (e) AlossCeys, (f) AlozsCers, (g) AlsosCeros, (h) AlssoCeiso, and (i) AlsooCezo..
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Figure 4. (a) Resistivity (left axis) and phase fraction (right axis) as a function of Cerium content for the
as-deposited and annealed sample as well as the resistivity calculated via a random mixture model.
Micrographs after thresholding for (b)AlossCe;s, (c) AlozsCezs, and (d) Als75Cerz.s. White regions are the
Al;;Ces phase while the black regions are the Al phase

Figure 3 show the SEM images of annealed AlxCeioox 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 Al;;Ces; phase.
Clearly the phase fraction of the Al;1Ces 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 Al;1Ces 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 3a the Al11Ces
is not evident in the SEM image, but small precipitate on the order of a 50-200 nm emerge in 3b
and the size and number grow from 3c and 3d, respectively. The contrast in 3e 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 3e to 3f where the Al;1Ces 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.

3.2 Resistivity Measurements

The composition and microstructure were also correlated to the resistivity as shown in figure 4.
The resistivity of the as-deposited sample increases with increasing Ce content. As described
above, the AlxCei00x 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-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 AlxCeioo-x 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 3, 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 Algr5Ce7s 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 AlgysCe1o5 and 5% at
Algs0Ceiso. Thus, at aluminum concentrations higher than Alo25Ce7s, 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 [25] was applied using the phase fractions estimated
via the image analysis. The constituent resistivities were taken to be 2.65 pohm-cm for Al [26]
and was determined experimentally to be ~77 pohm-cm for the Al11Ces intermetallic which is
consistent with literature values [27]. Very good agreement between the model and experimental
phase separated resistivity values. This suggests that a random combination of series and parallel
connections exist 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.
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Figure 5: XRD results of the Alo;Ces 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 Al;;Ces intermetallic peaks.



3.3 High Temperature X-ray Diffraction Measurements

Figure 5 shows the overlay of the x-ray diffraction results for the Aloy7Ces composition (position
4) during a 5a temperature ramp and 5b cool down. Consistent with figure 2, there are three
predominant peaks. Around 34° is a low angle peak associated with the (123) Al;11Ces 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 Al;1Ces
(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 5a and 5b
are magnified views of the Al (111) and the Al11Ces (123) normalized peaks for the heating cycle
and cooling cycle, respectively. Figure 6 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 Al;1Ces phase emerges consistent with figure 2. From 300°C to 550°C
the peaks shift consistent with thermal expansion and as shown in figure 6 during the cooling
cycle the Ali1Ces (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 lattice contraction as shown in
figure 6. 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
Al;1Ces precipitation and ~ -109 MPa (compressive) stress is due to stress relief. Similarly, a
Vegard’s law approximation of the AlggsCeos composition was calculated suggesting that (94
MPa) of the difference in room temperature interplanar spacing is due to the Alj1Ces
precipitation and ~ 76 MPa (tensile) is due to stress relief. A Vegard’s law approximation could
not be performed on the Algoz5Ce7s composition as the HTXRD experiment was run on a pre-
annealed sample. The interplanar spacing values of the Al;Ces precipitation phase is also shown
on figure 6. 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 Al;1Ces phases in the thin films.
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3.4 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=aAT (1)

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 Al;i1Ces 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 SiO»
and Al CTE [9]. The correction term is given by:

' Of-Ogyh
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where o’ is the uncorrected CTE, or is the CTE of the film (Al), asuw is the CTE of the substrate
(Si07), and v is Poisson’s ratio. asu (SiO2) is taken to be 0.25%10°/°C [28], 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 [29]. Both the
Al and Al;1Ces phase exhibit this thickness dependent behavior. As shown in figure 7, 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 [30]. However, the Ali1Ces intermetallic phase has a nearly constant CTE of
~1.5x107/°C within the temperature range on this study (25-550°C).
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Figure 8. Directional dependent CTE from the bulk Al;;Ces showing anisotropic behavior

A pure, bulk Al;1Ces 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 Al;1Ces (123) results
are included in figure 7 and shows a slight CTE temperature dependence in the temperature
range of study varying roughly linearly from ~1.5x107/°C to 1.72x103/°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 8. 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 c 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 Al;;Ces composition were also generated. The
measured CTE values of these samples were also consistent with both the Al and Al;1Ces phase
in the thin films and this HTXRD data given in the supplement information.
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Figure 9. Two phase alloy composite CTE calculated from Voigt and Reuss approximations using
average of our Al and Al;;Ces data as reference

The two phase alloy CTE was estimated using two rule of mixture models assuming uniform
stress or strain. The Reuss [31] model for the effective coefficient of thermal expansion, a”, is
given by

a* =& a+&a; (3)

where & and o are the phase fractions and single phase coefficient of thermal expansions,
respectively. The Voigt [32] upper bound model is given by

£ §1E1a1+8Exa; 4)

(24
§1E1+82E,



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 Al;1Ces was extracted from figure 4 of Sims et. al. Figure 9 shows the two-phase
alloy CTE as a function of temperature for various AlxCeioox compositions. The Al;1Ces
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 [33,34]
structures and dilatometry for the thin film and bulk alloys, respectively.

4. Conclusion

The crystal structure and phase fraction, film morphology, electrical resistivity, and temperature-
dependent coefficients of thermal expansion are all correlated to the AlxCeioo-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 a-Al;1Ces intermetallic phase
forms and the Al (111) to a-Al;1Ces (123) peak ratio decreases as expected with increasing Ce
content. The film transitions from an almost pure Al matrix to pure a-Al;1Ces 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 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 Al;Ces intermetallic phase showing a constant CTE of ~1.5x10/°C in the
range of study. The two-phase alloy CTE was estimated via the Reuss and Voigt models and
with the Al;1Ce; 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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