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Phase changes due to compositional variation of alloying elements in the AlCrFeNiTi and AlCoFeNiTi families of
compositionally complex alloys (CCAs) were investigated by employing magnetron co-sputtering synthesis
techniques and microstructural characterization via scanning electron microscopy, X-ray diffraction, and energy
dispersive X-ray spectroscopy. Compositional alterations were introduced by varying the input power provided
to either an Al or Ti target, as well as by the substrate quadrant location. A synergistic relationship between Al
and Ti was observed in which both elements compete to drive phase formation, and was revealed to be further
influenced by substituting Cr with similarly sized, but structurally dissimilar, Co. The crystallinity of the studied
samples was mapped with respect to Ti and Al content to emphasize the distinct compositions where phase
transitions occur for each CCA family. Nanoindentation was employed to study how different phases affect the
mechanical properties, with results indicating that amorphous samples generally exhibited lower hardness and
moduli when compared to the crystalline and “mixed” phase samples. This work highlights how sputtering can
be used to control individual elements within CCA families in order to examine how their atomic characteristics

contribute to phase formation and crystallinity.

1. Introduction

The study of multi-principal element alloys (MPEAs), a field
including high entropy alloys (HEAs) and compositionally complex al-
loys (CCAs), has been an exciting topic of novel alloy development.
MPEAs feature a variety of desirable properties, including high hardness
and strength [1-4], fatigue resistance [5,6], fracture toughness [7],
biocompatibility [8], resistance to oxidation [9,10], wear [3,11-13],
and corrosion [14-17], and have been shown to exhibit unique electrical
and magnetic properties [18-21]. To date, the emphasis of the field has
focused on the development of HEAs, however, CCAs present the op-
portunity to explore a larger composition space due to a more flexible
alloy definition. While both HEAs and CCAs are composed of four or
more alloying elements between 5 and 35 at.% of the total composition,
such that there is no base element, HEAs are commonly equiatomic and
the term “HEA” is typically used when either the configurational en-
tropy or the objective of producing single-phase solid solutions is
important [22]. In comparison, CCAs do not need to be equiatomic and
can possess crystal structures other than single-phase solid solutions

[23]. Traditional synthesis methods to fabricate bulk CCAs include spark
plasma sintering [24], mechanical alloying [25] and arc melting [26],
though such techniques have demonstrated a lack of control over grain
size, global composition and elemental distribution [27], and possess
limitations in high-throughput screening within the vast composition
space of CCAs [28].

In contrast, techniques such as physical vapor deposition (PVD)
present a high-throughput alternative for CCA synthesis, allowing for
the exploration of multiple compositions, and/or compositional gradi-
ents on the same substrate [29-31]. Current experimental works have
indicated that CCA films and coatings exhibit comparable mechanical
and physical properties to their bulk counterparts, which range from
high hardness to unique magnetic properties [32-38]. However, dif-
ferences in growth mechanisms, grain size, process temperature, and
rapid diffusion during synthesis can contribute to discrepancies in phase
formation between bulk and thin film studies [39]. For example, CCA
film synthesis via PVD features rapid cooling rates compared to bulk
CCA synthesis methods [40], which can restrict diffusion and minimize
the nucleation and growth of intermetallic compounds, ultimately
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inhibiting phase separation [41]. Additionally, the influence of alloying
elements, such as Al [9,29,42,43], Cu [44-46], Ni [46], V [11], and Ti
[13,47], have been documented in bulk arrangements, but their impact
on thin film morphology has yet to be thoroughly explored.

To date, the preferred processing method for deposited MPEA films
has been magnetron sputtering [40,48,49] with a focus primarily on
nitride and oxide-films [34-36,38,48,50-53]. The wide range of tunable
conditions [49] in sputtering include the ability to deposit nearly any
single element, alloy, or ceramic material, as well as tailorable deposi-
tion parameters such as working pressure, working gas, and target
power [54]. Sputtering from a single MPEA target with a set composition
has been employed in many systems [32,37,39,55-62]; however, stoi-
chiometry control can be further enhanced by leveraging co-sputtering
assemblies and depositing from multiple targets. This technique allows
for the ability to change the deposition rate of individual target mate-
rials and thus contributes to compositional variation and microstruc-
tural development [40]. Additionally, co-sputtering enables individual
elements within the MPEA arrangement to be isolated, granting the
opportunity to focus on their atomic characteristics including atomic
size, crystallography, and valence electron structure, all which
contribute to phase formation within these materials. In general,
experimental studies that have varied elemental compositions within
MPEA systems treat alloy synthesis as a pseudo-binary arrangement
dictated by the Hume-Rothery rules [63] with a single “large” element
and several “small” elements. Herein, “large” element refers to those
with an atomic radii greater than 140 pm, while the remaining “small”
elements are usually transition metals with similar atomic radii of
approximately 130 pm or less. In those cases, the “large” element typi-
cally drives phase formation mechanisms, as it greatly contributes to
atomic size differences and lattice distortion effects [40]. However, both
the synthesis method (as outlined previously) and electron structure of
the “large” element cause inconsistencies in phase formation across
studies. Furthermore, studies beyond one “large” element or the influ-
ence of the smaller elements have been limited specifically within the
context of phase formation.

In this study, magnetron co-sputtering techniques were employed to
vary the composition of two “large” elements (Al and Ti) within the
AlCrFeNiTi and AlCoFeNiTi CCA families to examine their influence on

Table 1
Elemental composition derived from EDS data for systems 1 and 2 in the AlCr-
FeNiTi family.

AlCrFeNiTi
System Sample Al (at. Ti (at. Cr (at. Fe (at. Ni (at.
%) %) %) %) %)
1 S1-7Al-T 7.05 12.81 26.10 26.58 27.47
S1-7A1-B 7.64 19.31 23.90 24.19 24.89
S1-15Al- 15.12 18.76 21.62 21.94 22.57
T

S1-15A1- 15.08 12.68 23.86 23.84 24.54
B

S1-33Al- 32.42 14.66 17.32 17.45 18.15
T

S1-33A1- 32.75 10.47 18.42 18.74 19.62
B
2 S2-5Ti-T 16.60 5.00 25.71 25.66 27.04
S2-5Ti-B 26.58 5.17 22.33 22.56 23.36
S2-7Ti-T 17.24 6.32 25.37 24.96 26.11
S2-7Ti-B 26.52 6.73 21.80 22.10 22.86
$2-8Ti-T 14.45 7.66 25.67 25.58 26.63
$2-8Ti-B 23.05 8.12 22.50 22.48 23.86
$2-13Ti- 23.54 12.69 20.95 21.01 21.81
T

$2-13Ti- 15.60 12.08 23.79 23.86 24.66
B

$2-32Ti- 19.85 32.12 15.76 15.76 16.51
T

$2-32Ti- 13.34 31.74 18.04 18.33 18.55

B
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phase morphology transitions. Additionally, Cr was substituted with
similarly sized, but structurally dissimilar, Co to observe the effect of the
“small” elements on the overall microstructure. Respective compositions
are maintained between 5 and 35 at.% in accordance with the defined
CCA range. The resultant microstructures were characterized using
scanning electron microscopy (SEM), energy dispersive X-ray spectros-
copy (EDS), and X-ray diffraction (XRD) techniques to determine crys-
tallite size and critical alloying element composition thresholds where
crystallographic transitions could occur. The mechanical properties,
namely hardness and moduli, were examined using nanoindentation to
correlate structural trends to compositional variations. Overall, this
study highlights phase transitions in sputtered materials while simul-
taneously exploring the contributions of both “large” and “small” ele-
ments in compositionally complex arrangements, which can serve as
model alloy systems for future CCA design.

2. Materials & methods

Samples were synthesized using direct current (DC) magnetron
sputtering from high purity, single element Al (99.99%) and Ti
(99.995%) targets, as well as vacuum arc melted ternary alloy CrFeNi
(99.9%) and CoFeNi (99.9%) targets (Plasmaterials, Inc.). A three-
source sputtering configuration was used to co-sputter both of the sin-
gle element targets with one of the ternary alloy targets onto 50 mm Si
(100) substrates to produce ~1 pm thick AlCrFeNiTi and AlCoFeNiTi
films. The working distance for all targets was 13 cm. Each substrate was
separated into quadrants to synthesize multiple compositional ar-
rangements simultaneously with the assistance of masking and a pneu-
matic shutter (see Fig. S1 and description in the Supplementary
materials). Due to the orientation of the setup, two distinct sputtering
runs can be completed per substrate, yielding four unique compositions.
These sputtering conditions are included in Tables SI and SII in the
Supplementary materials. Sputtering powers were selected such that the
nominal expected composition values for each alloying element were
within the necessary defined range for CCAs. The resulting sample
thicknesses were measured using an AMBiOS XP-2 profilometer. It
should be noted that the nomenclature for the samples presented in this
study is separated into “systems” and individual sample names. The
systems are as follows: within the AlCrFeNiTi family, system 1 (varied
Al) and system 2 (varied Ti); within the AlCoFeNiTi family, system 3
(varied Al) and system 4 (varied Ti). Each individual sample is labeled
with the system number, the composition of the varied element in at.%,
and the sputtering quadrant region on the substrate i.e., either top (T) or
bottom (B). For example, S1-5A1-T constitutes the sample within system
1 with 5 at.% Al from the top quadrant, while S2-32Ti-B corresponds to a
sample within system 2 with a 32 at.% Ti from the bottom quadrant.

The elemental compositions of each sample were characterized by
scanning electron microscopy/energy dispersive X-ray spectroscopy
(SEM/EDS) (FEI Helios G4 P-FIB) at 15 kV. Top-surface micrographs
were acquired via SEM using a beam current of 50 pA and an acceler-
ating voltage of 10 kV. Grazing incidence X-ray diffraction (GIXRD) with
Cu Ka radiation and a grazing angle of 2° was employed. Scans were
conducted over a 20 range from 20° to 120° or to 140° depending on the
system of samples, with a step size of 0.05°/sec and a sampling rate of
1°/min using a Rigaku Ultima IV Diffractometer. Average crystallite size
was determined from the full-width half maximum (FWHM) of the main
diffraction peaks using Sherrer's Equation [64], presented in Eq. (1):
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where tis the crystallite size, 1 is the X-ray wavelength, B is the FWHM of
the peak, and 6p is the Bragg angle. In addition to microstructural
characterization, nanoindentation was performed in a Hysitron Tri-
boindenter with a 50 nm Berkovich tip using a force-controlled, constant
loading rate load function. A set of 100 indents, positioned 20 pm apart
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Table 2
Elemental composition derived from EDS data for systems 3 and 4 in the
AlCoFeNiTi family.

AlCoFeNiTi
System Sample Al (at. Ti (at. Co (at. Fe (at. Ni (at.
%) %) %) %) %)
3 S3-5A1-T 5.75 13.08 25.76 27.61 27.81
S3-5A1-B 6.47 19.63 23.51 24.82 25.57
S3-10Al- 9.43 12.12 24.91 26.56 26.98
T
$3-10Al- 10.42 19.39 22.52 23.91 23.75
B
S$3-30Al- 29.61 10.44 19.09 20.26 20.61
T
$3-30Al- 30.54 15.29 18.36 17.19 18.63
B
4 S4-5Ti-T 11.39 3.93 28.55 27.01 29.21
S4-5Ti-B 17.32 4.25 24.83 26.63 26.97
S4-9Ti-T 9.65 8.84 25.99 27.72 27.89
S4-9Ti-B 15.43 9.34 23.86 25.66 25.72
S4-35Ti- 7.91 32.10 19.31 20.40 20.28
T
S4-35Ti- 12.06 34.34 17.95 17.42 18.24
B
o
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in the center of each sample quadrant, were measured to derive hardness
and reduced elastic moduli values. The equation for reduced modulus is
provided in Eq. (2) [65]:

E = VE
" oVA
where E, is the reduced modulus, S is the stiffness of the unloading curve,

and A is the contact area. Representative load-displacement curves are
included in the Supplementary materials (Figs. S2 and S3).

@

3. Results & discussion

As previously mentioned, there is limited research of CCA arrange-
ments beyond those which are comprised of a single “large” element
amongst several “small” elements largely due to synthesis control limi-
tations [28]. However, a versatile synthesis technique like magnetron
sputtering affords the ability to isolate each individual element (“large”
or “small”), while elucidating on how atomic characteristics contribute
to phase formation. In this study, sputtering allowed for the synthesis of
four unique compositions per substrate, as outlined in the Materials &
methods section (Section 2). Alterations in composition were introduced
depending on which element was varied (Al or Ti) and the substrate
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Fig. 1. Varied Al in AlCrFeNiTi family (System 1) - top surface SEM micrographs (a, b, d, e, g, and h) and diffractograms (c, f, and i). Each row represents samples
with the same Al content (7, 15, and 33 at.% respectively). Columns are split amongst samples that were in either the “top” or “bottom” substrate quadrant position
during the sputtering process, while diffractograms are color-coded based on that position.
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Fig. 2. Varied Ti in AlICrFeNiTi family (system 2) - top surface SEM micrographs (a, b, d, e, g, and h) and diffractograms (c, f, and i). Each row represents samples
with the same Ti content (5, 13, and 32 at.% respectively). Columns are split amongst samples that were in either the “top” or “bottom” substrate quadrant position
during the sputtering process, while diffractograms are color-coded based on that position.

quadrant position of the sample (either top or bottom). These compo-
sitional values are presented in Tables 1 and 2. As such, the role of
having multiple “large” elements in a CCA arrangement is explored by
varying the Al and Ti content in the AICrFeNiTi (Section 3.1) and
AlCoFeNiTi (Section 3.2) families, while simultaneously exploring the
influence of “small” elements i.e., Cr vs. Co. Average crystallite sizes for
all samples are included in Table SIII in the Supplementary materials*.
Section 3.3 further explores the effect of composition on mechanical
properties by using nanoindentation techniques.

3.1. AICrFeNiTi - the role of multiple “large” elements

System 1 in this study explores the effects of varying the Al content
on the overall CCA composition and crystal structure within the AlCr-
FeNiTi family. Fig. 1 highlights top surface SEM micrographs and cor-
responding XRD patterns for all samples within system 1, where each
row depicts a distinct Al composition (7 at.%, 15 at.%, and 33 at.%). As
seen in the SEM micrographs, all samples in system 1 feature nano-
crystallites with roughly the same size (~1.6 nm, see Table SIII*), shape,
and orientation, where limited microstructural variations are observed
with changes in Al composition. This is also reflected in the XRD scans
provided in Fig. 1c, f, and i, which show a single amorphous peak for
each of the samples. Since all samples within system 1 are amorphous

regardless of Al content, it is possible that the other alloying elements
are driving the phase formation. For example, previous literature has
stated that there is a critical Ti content which could lead to the formation
of an amorphous phase in MPEA films [66]. Therefore, since each
sample in system 1 has a Ti composition >10 at.% (Table 1), perhaps the
critical Ti content for the AlCrFeNiTi CCA family has already been
reached.

In system 2, the Ti contribution to morphological changes is explored
by varying the Ti content between 5 and 35 at.%. Fig. 2 includes the SEM
micrographs and diffractograms for samples within system 2, where
each row represents a specific Ti composition (5 at.%, 13 at.%, 32 at.%).
The SEM figures detail some morphological distinctions between the
samples due to compositional differences (see Table 1). The XRD pat-
terns in Fig. 2c, f, and i reveal a phase change due to the varied Ti
content, as an increase from 5 at.% to 13 at.% Ti leads to a transition
from a body-centered cubic (BCC) structure to an amorphous one. The
average crystallite size of the samples varied according to their crys-
tallinity as shown in Table SIII*. Samples with a Ti content greater than
10 at.% feature an amorphous phase in agreement with the observations
from system 1. Samples with less than 10 at.% Ti (S2-5Ti-T and S2-5Ti-
B) exhibit a crystalline phase, as noted by the XRD patterns in Fig. 2c,
where sample S2-5Ti-T display a disordered BCC phase while sample S2-
5Ti-B shows an ordered BCC phase with stronger peak intensities. The
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Fig. 3. Top surface SEM micrographs (a - f) and diffractograms (g) for refined samples within system 2. Diffractogram patterns and SEM micrograph borders are
color coded by sample. Rows and diffractograms are split amongst samples with either “more” or “less” Al content. Samples with “more” Al content have an Al
composition greater than 23 at.%, whereas those with “less” Al content refer to samples with a higher proportion of Cr, Fe, and Ni content in comparison to the Al
content. Columns represent a specific Ti content (either 5, 7, or 8 at.%, respectively).

difference between these two samples seems to depend on their
respective Al content. In Table 1, it can be seen that sample S2-5Ti-B has
a higher Al content than any of the other alloying elements (26.58 at.%),
in contrast to S2-5Ti-T, which has 16.60 at.% Al These results imply that
Al does play a role in phase formation, as increased Al content seems to
contribute to the degree of crystallinity within these samples.

The findings from systems 1 and 2 suggest the presence of a syner-
gistic relationship between Al and Ti in phase formation that should be
further investigated. Therefore, additional samples were synthesized to
study the roles of Al and Ti in the composition space below 10 at.% Ti.
Fig. 3 includes the top-surface SEM images and XRD patterns for samples
within system 2 that are between 5 and 8 at.% Ti. Each column

represents samples with the same Ti content (5 at.%, 7 at.%, 8 at.%). The
rows are split amongst samples with “more” Al content, which have an
Al composition >23 at.% (Fig. 3a—c), and samples with “less” Al,
referring to those with a higher Cr, Fe, and Ni content (Fig. 3d—f). The
diffractograms for each sample, included in Fig. 3g, are categorized by
Al content as well. As the Ti content is increased from 5 at.% to 7 at.%,
the samples with “more” Al content transition from an ordered to a
disordered BCC structure. Both peak broadening and a decrease in peak
intensity occurred (Fig. 3g), which are indicative of a decrease in
nanocrystallite size [67]. Upon comparison of the SEM micrographs in
Fig. 3a and b, a decrease in nanocrystallite size from ~10 nm to ~7 nm
(Table SIII) can be observed with an increase in Ti content. As
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Fig. 4. Varied Al in AlCoFeNiTi family (system 3) - top surface SEM micrographs (a, b, d, e, g, and h) and diffractograms (c, f, and i). Each row represents samples
with the same Al content (5 10, and 30 at.% respectively). Columns are split amongst samples that were in either the “top” or “bottom” substrate quadrant position
during the sputtering process, while diffractograms are color-coded based on that position.

highlighted in Fig. 3c, a further increase in Ti content to 8 at.% (sample
$2-8Ti-B) results in a continued transition to an amorphous structure as
further peak broadening and a decrease in nanocrystallite size from ~7
nm to ~2 nm (Table SIII) are noted in the XRD pattern and SEM
micrograph, respectively. In contrast, as Ti is increased from 5 at.% to 7
at.% in samples with “less” Al content, a transition from a disordered
BCC structure to an amorphous one occurs (Fig. 3g). It appears that Al
plays a role in the degree of crystallinity below a specific Ti content
threshold, while amorphous phases begin to form when the amount of Ti
exceeds 7 at.%. This finding can explain why the samples within system
1 feature an amorphous phase and no structural alterations regardless of
Al content, as each sample within system 1 has a Ti content greater than
7 at.% (Table 1). Thus, the results from systems 1 and 2 further
emphasize the synergistic relationship between the two elements.
Prior research on the individual effects of varied Al or Ti content
within a given MPEA system provides some key insights on their
particular morphological contributions [13,30,31,68-72], although the
complex interplay of these two “large” elements found in this work has
not been previously addressed. Theoretical [73] and experimental
studies have documented that Al additions can lead to a face-centered
cubic (FCC) to BCC phase transition in both bulk [3,9,18,42,43,74,75]
and film samples [29,56,62,76,77]. This phenomenon has been attrib-
uted to a lattice distortion effect, as the close packed FCC lattice must

expand to accommodate the larger Al atoms, thus transitioning to the
less closely packed BCC structure [29,56]. However, earlier work on
CCA films and coatings suggests that an amorphous phase can be
favorable when lattice distortion is high, driven by a large atomic size
difference [57,78]. The unique influence of Al is explained by Tang
et al., who state that the electronic structure of Al favors covalent
bonding with transition metals that have an incompletely filled d-shell,
contributing to the formation of crystal structures [79]. The role of Ti on
phase formation has also been attributed to lattice distortion effects, as it
has caused the formation of heterogeneous and dendritic structures in
bulk systems [13,47] and amorphous structures in film systems [66]. In
the current work, Al appears to be responsible for the formation of
crystal structures and the degree of crystallinity below a critical Ti
content of 7 at.% due to its unique valence electron structure. Con-
veresly, increasing the amount of Ti promotes the formation of amor-
phous phases. In this work, both Al and Ti are considered to be “large”
elements as they possess atomic radii greater than 140 pm (146.15 pm
for Ti v.s. 143.17 pm for Al [22]). The similarity in their size leads to a
complex interplay between the two elements on morphological trans-
formations. The findings here seem to indicate that the elements with
the largest atomic radii in a CCA arragment will compete to drive phase
evolution, with their valence electron structures contributing to the
types of phases formed.
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Fig. 5. Varied Ti in AlCoFeNiTi family (system 4) - Top surface SEM micrographs (a, b, d, e, g, and h) and diffractograms (c, f, and i). Each row represents samples
with the same Ti content (5, 9, and 35 at.%) respectively. Columns are split amongst samples that were in either the “top” or “bottom” substrate quadrant position
during the sputtering process, while diffractograms are color-coded based on that position.

3.2. AlCoFeNiTi - the role of multiple “large” elements influenced by
“small” element substitution

To further explore the synergistic interplay of Al and Ti and whether
comparable effects translate to other systems, a similar experimental
methodology is applied to a different CCA family (AlCoFeNiTi). The
overall compositions for system 3 (varied Al) and system 4 (varied Ti)
are included in Table 2. The influence of the “small” elements (i.e.,
transition metals with an atomic radius of <130 pm) on phase formation
is also investigated. Specifically, Cr is substituted by similarly sized but
structurally dissimilar Co. Both Cr and Co have an atomic radius of
approximately 125 pm, but Cr has a BCC structure and a valence elec-
tron concentration (VEC) of 6, whereas Co has a VEC of 9, a hexagonal
close packed (HCP) structure at room temperature, and an FCC structure
at its melting temperature [22].

Top surface SEM micrographs and XRD patterns for the samples
within system 3 are presented in Fig. 4, where the rows are separated by
specific Al content (5 at.%, 10 at.%, 30 at.%). Fig. 4a-b, in the top row,
highlight the samples with 5 at.% Al which feature microstructural
distinctions, including a twofold difference in naocrystallite size
(Table SIIT*), in agreement with the diffractograms in Fig. 4c, which
detail a transition from a disordered BCC structure to amorphous. A
similar effect is found in the samples with 10 at.% Al (Fig. 4d-e), which

transition from an ordered “mixed” structure to amorphous, as seen by
their XRD patterns in Fig. 4f. By contrast, both samples with 30 at.% Al
(Fig. 4g-h) display similar microstructural characteristics and an or-
dered cubic structure as illustrated in Fig. 4i. It is important to note that
results from Table 2 indicate that samples with an amorphous phase (S3-
5A1-B and S3-10Al-B) have a Ti content greater than 19 at.% while
samples below 19 at.% Ti display crystalline structures. Their degree of
crystallinity or ordering seems to depend on the Al content (i.e. more Al
yields a more ordered crystal structure). The overall results of system 3
have the semblance of the synergistic relationship between Al and Ti
found in the AlCrFeNiTi family of CCAs, as each of the samples depict
morphological differences due to both Al and Ti content. However, there
are two noticeable caveats in the results from system 3: first, there ap-
pears to be a higher critical Ti content at which the amorphous phase
begins to form, and second, Al does not need to be the dominant element
in the alloying arrangement to form ordered phases. For example, as
seen in Table 2, sample S3-10Al-T, which only has ~10 at.% Al, still
shows an ordered phase in its XRD pattern (Fig. 4i). Thus, it seems that
the distinctions in the synergistic relationship between Al and Ti are
influenced by the replacement of Cr by Co. These findings are further
supported by the results from system 4, which varied Ti content between
5 and 35 at.%. Fig. 5 includes the top surface SEM images and dif-
fractograms for all samples within system 4. Similar to the findings from



D.C. Goodelman et al.

35 Crystalline
) ® (a)
30+
~ 25}
X
s
E 20+ P S Mixed
[=
8
= 151 L
o (Y [}
10 g
@
® e ®
5 . @ . . : Amorphous
5 10 15 20 25 30 5
Al Content (at%)
35 P Crystalline
o (b)
30+
25/ a
g
s
< 20/ @ O Mixed
[0}
5
8§ 15¢
= [ ] °®
10+
[ ]
° [ )
. . . . g 'Amorphous
5 10 15 20 25 30 5

Al Content (at%)

Fig. 6. Crystallography maps of samples in the AlCrFeNiTi (a) and AlCoFeNiTi
(b) families of CCAs. Samples are compared by their Al and Ti content and
categorized by their respective crystallography: dark blue data points indicate
amorphous structures, light blue indicates “mixed” structures, and yellow in-
dicates crystalline structures. The red dotted lines on the y-axes represent the Ti
threshold at which amorphous phases begin to form.

system 3, the samples with Ti content values below 19 at.% in system 4
exhibit crystal structures, and the amount of Al content (see Table 2)
affects the degree of crystallinity and ordering. This observation is evi-
denced by the results in the first two rows of Fig. 5 (5 and 9 at.% Ti).
Samples in the left column (Fig. 5a and d), which consist of a lower Al
content, have a disordered “mixed” phase (Fig. 5c), while samples in the
right column (Fig. 5b and e), which contain a higher Al content, exhibit
an ordered BCC structure (Fig. 5f). Samples with a Ti content beyond 19
at.% (Fig. 5g-h) depict similar morphologies in their SEM micrographs
and show amorphous patterns (Fig. 5i); although, it should be noted that
sample S4-35Ti-T does have stronger peak intensities. In systems 3 and
4, ordered crystalline samples feature nanocrystallites that are approx-
imately ten times as large as their amorphous counterparts (Table SIII*).
The trends in systems 3 and 4 are consistent with each other, thus
emphasizing the influence of the “small” elements on phase formation.

The substitution of Co by Cr has been explored in previous works on
bulk MPEAs with relatively consistent results, but there is limited un-
derstanding on how this substitution would affect phase formation and
synergy in films containing multiple “large” elements. Researchers have
found that the addition of Cr and reduction of Co contributes to phase
instability and the formation of heterogeneous structures in the
AlCo,Cr; 4<FeNi quinary family of CCAs [80] and its quarternary deriv-
ative alloys AlCoFeNi and AlCrFeNi [81,82]. This effect has been
attributed to the assessment that Co minimizes crystallographic
mismatch while Cr induces disorder in these types of systems [82].
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However, such studies only explored alloying effects in bulk materials
and none included Ti in their compositions. In order to visualize the role
of Cr and Co on phase formation, Fig. 6 compares the Al and Ti content
within the AlCrFeNiTi (Fig. 6a) and AlCoFeNiTi (Fig. 6b) families of
CCAs, categorized by crystallographic phase. The data points in dark
blue are samples with an amorphous structure, light blue are “mixed”
phase samples, and yellow are crystalline samples. The dashed lines on
the y-axes indicate the Ti threshold at which amorphous phases form for
each CCA family. For the AlCrFeNiTi family the Ti threshold was
determined to be approximately 7 at.%, while the AlCoFeNiTi family
possessed a threshold of about 19 at.%. It can be observed that the Ti
threshold is much lower in samples that contained Cr (Fig. 6a) than
those that contained Co (Fig. 6b), and that crystalline phases are more
likely to form in the AlCoFeNiTi family than in the AlCrFeNiTi family.
Thus, the trends suggest that both the “large” elements and the “small”
elements can impact phase formation in these types of systems. These
trends and their overall effect on the microstructure can be further
verified by measuring the influence of the phase transitions on the
mechanical properties, which is discussed in the next section.

3.3. Nanoindentation

Nanoindentation is employed to further understand the complex
relationship found between the alloying elements within this work
across phase transition zones. Reduced modulus and hardness values for
all samples are provided in Table 3. Samples are notated by the
following symbols: “@” are amorphous, “{)” are “mixed”, and “[]” are
crystalline. Samples in system 1 with a higher Ti content (see Table 1)
yielded lower values of modulus and hardness. In system 2, samples with
crystalline or “mixed” phases typically had higher modulus and hard-
ness values than those with amorphous phases, indicating a change in
mechanical properties due to phase transitions caused by increased Ti
content. Note that sample S2-5Ti-T, which consists of a “mixed” struc-
ture, had a slightly higher hardness (7.81 GPa) than sample S2-5Ti-B
(7.69 GPa), which was crystalline. These findings are in agreement
with a previous review that suggested MPEA films and coatings with
amorphous phases will have lower hardness and modulus values than
“mixed” or crystalline samples [40]. While in some cases amorphous
structures would feature higher hardness values than coarse-grained
crystalline structures, nanocrystalline materials have been shown to
exhibit superior strength in comparison to their coarse-grained coun-
terparts [83] and amorphous structures alike [84]. In system 3, samples
with less Ti content (see Table 2) had hardness values increase by 40%
with increasing Al content, which coincides with samples becoming
more ordered, but modulus values decreased by 13% in the 5 at.% to 10
at.% Al range and increased by 27% in the 10 at.% to 30 at.% Al range. A
similar result had been previously reported by Sun et al. in AlyCoCr-
CuFeNi, where there was an initial decrease in modulus with the addi-
tion of Al, followed by an increase in modulus attributed to phase
transitions [75]. Amorphous samples in system 3 showed an increase in
both modulus and hardness with increasing Al content, however, these
samples had lower hardness values than the crystalline or “mixed”
samples of this set. In system 4, crystalline samples also exhibited higher
hardness and moduli values than “mixed” samples; however, the
“mixed” samples had a slightly lower hardness than the amorphous
samples.

Overall, the synergistic relationship between Al and Ti contributes to
the mechanical properties within the systems studied in this work.
Below the critical amount of Ti in both families of alloys, the amount of
Al will influence the degree of crystallinity in the samples, thereby
affecting the mechanical properties. Non-amorphous samples with
“more” Al compared to their counterparts typically had higher modulus
(155-170 GPa) and hardness values (7.2-10 GPa) due to ordering. It was
also found that additional Ti resulted in a decrease in the mechanical
property values (modulus range of 125-155 GPa, hardness range of
6.5-7.3 GPa), as more Ti led to the formation of amorphous phases.
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Table 3
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Reduced modulus and hardness values determined via nanoindentation. Samples are notated based on their respective crystallography, where “@®” indicates an
amorphous structure, “{)” indicates a mixed structure, and “(J” indicates a crystalline structure.

AlCrFeNiTi
System 1 - varied Al System 2 — varied Ti
Sample Reduced modulus Hardness Sample Reduced modulus Hardness
p p.
(GPa) (GPa) (GPa) (GPa)

S1-7AL-T® 153.49 + 3.02 7.08 £ 0.19 S2-5Ti-T® 157.27 + 4.27 7.81 + 0.27
$1-7A1-B® 138.72 £+ 3.20 6.87 £ 0.18 $2-5Ti-BY 161.60 + 7.19 7.69 + 0.50
S1-15A1-T® 148.06 + 3.45 7.13 £0.18 S2-7Ti-T® 144.12 + 4.07 7.34 £ 0.19
S1-15A1-B® 142.71 £ 4.19 6.99 £+ 0.19 $2-7Ti-B® 155.64 + 5.57 7.41 £0.31
S1-33A1-T® 127.62 + 4.74 7.02 £ 0.23 S2-8Ti-T® 155.00 + 4.27 7.18 £ 0.18
S1-33A1-B® 139.74 + 3.80 7.24 + 0.22 S2-8Ti-B? 164.34 + 4.33 7.27 + 0.20

$2-13Ti-T® 150.23 + 4.44 7.24 £ 0.20

$2-13Ti-B® 148.00 + 5.79 7.28 + 0.23

$2-32Ti-T® 131.96 + 3.31 6.80 + 0.15

$2-32Ti-B® 140.83 + 3.01 7.14 £ 0.15

AlCoFeNiTi
System 3 - varied Al System 4 — varied Ti
Sample Reduced modulus Hardness Sample Reduced modulus Hardness
(GPa) (GPa) (GPa) (GPa)

$3-5A1-T¢ 152.89 + 3.55 7.02 £ 0.21 S4-5Ti-T® 154.86 + 4.56 6.68 + 0.22
$3-5A1-B® 140.79 + 2.30 6.71 £ 0.11 $4-5Ti-BY 158.22 + 6.14 7.18 £ 0.41
$3-10A1-T¢ 133.65 + 4.70 7.47 £ 0.27 S4-9Ti-T 152.63 + 3.99 6.99 + 0.23
$3-10A1-B® 145.66 + 3.04 7.00 + 0.16 $4-9Ti-BH 165.44 + 5.85 7.57 £ 0.31
$3-30A1-TH 169.78 + 4.96 9.83 £0.33 $4-35Ti-T® 139.55 + 2.62 7.25 £ 0.17
$3-30Al-BY 164.43 + 5.90 8.63 + 0.47 $4-35Ti-B® 144.23 + 2.76 7.21 + 0.15

Samples in the current study exhibit hardness and moduli comparable to
those of other MPEA systems [33,58,75,85-87], both bulk and film
alike, aligning with the expected notable mechanical properties of these
types of materials.

4. Conclusions

The results from this study highlight sputtering as a tool to control
individual elements within CCA families in order to examine how their
atomic characteristics contribute to phase formation and crystallinity. It
was found that the “large” elements have a synergistic relationship in
which they compete for phase formation, such that a critical threshold
exists at which amorphous structures begin to form. The “small” ele-
ments can impact this complex interplay, altering the critical threshold
and causing different phases to form, as the replacement of Cr by Co
changed the crytstalline to amorphous threshold from 7 at.% Ti to 19 at.
% Ti. Crystallites were typically an order of magnitude larger in ordered
samples than in amorphous samples throughout all systems. Mechanical
properties, as derived by nanoindentation, were influenced by these
phase changes as well, where amorphous samples generally had lower
hardness and moduli than their crystalline or “mixed” phase counter-
parts. While the results presented in the current work can guide the
synthesis of CCA films, it should be noted that these trends may not
translate across synthesis methods, particularly due to the high cooling
rate of PVD techniques which can mitigate phase separation; therefore
further studies are needed to compare how trends translate across syn-
thesis techniques. However, the crystallography maps illustrated in this
work may provide a guideline for phase transitions and serve as a model
for future alloy design across synthesis methods.
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