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A B S T R A C T   

Segregation engineering has emerged as a promising pathway towards designing thermally stable nanocrystalline 
alloys with enhanced mechanical properties. However, the compositional and processing space for solute sta-
bilized microstructures is vast, thus the application of high-throughput techniques to accelerate optimal material 
development is increasingly attractive. In this work, combinatorial synthesis is combined with high-throughput 
characterization techniques to explore microstructural transitions through annealing of a nanocrystalline ternary 
Al-base alloy containing a transition metal (TM=Ni) and rare earth dopant (RE=Y). A down-selected optimal 
composition with the highest thermal stability is annealed through in situ transmission electron microscopy, 
revealing that the removal of the RE species is correlated to a reduction in the microstructural stability at high 
temperatures as a result of variations in intermetallic phase formation. Results demonstrate the benefits of co- 
segregation for enhancing mechanical hardness and delaying the onset of microstructural instability.   

1. Introduction 

A significant body of literature has focused on the development of 
nanocrystalline metals for their enhanced hardness [1,2], improved 
wear resistance [3,4], and promising irradiation behavior [5] relative to 
traditional coarse-grained metals. However, the poor microstructural 
stability arising from their far-from-equilibrium state threatens broad 
applicability of nanocrystalline metals, as the high excess Gibbs free 
energy at the grain boundary frequently drives significant grain coars-
ening even at low thermal loads [6]. Segregation engineering of nano-
crystalline microstructures remains a promising pathway towards 
stabilizing nanocrystalline metals through reduction of the driving force 
for grain growth via manipulation of the thermodynamic state of the 
system [7–9] and/or through restriction of the grain boundary kinetics 
[10,11]. While compelling progress has been made on solute stabiliza-
tion of binary nanocrystalline alloys [12–16], recent work on increas-
ingly complex multi-component systems has yielded even higher 
efficacies relative to elemental or binary nanocrystalline alloys [17–19]. 
Through increasing microstructural complexity, a notable pathway to-
wards even better microstructural stability that utilizes unique grain 
boundary states such as amorphous intergranular films, also termed 
amorphous complexions, has been shown in recent works to result in 

exceptional thermal stability and enhanced mechanical behavior [15, 
20–23]. 

While increasing the number of alloying elements has yielded 
promising improvements in microstructural stability, exploring the vast 
compositional and processing space for achieving optimal segregation- 
engineered nanocrystalline alloys is a significant undertaking. To that 
end, higher throughput techniques for mapping structure-property re-
lationships, in combination with combinatorial synthesis, have arisen as 
a promising approach for rapid and accurate determination of material 
properties through composition space. Indeed, successful applications of 
combinatorial approaches have been demonstrated across a wide range 
of systems, including multi-principal element alloys (MPEAs) [24], 
metallic glasses [25], and nanocrystalline alloys [18,23,26]. Recent 
work on amorphous complexion-containing ternary Al alloys with 
transition metal (TM) and rare earth (RE) dopants, Al-TM-RE, have 
exhibited exceptional high-temperature stability [22] and improved 
mechanical properties [23,27], with increasing dopant concentrations 
yielding consistently improved behaviors. However, while increasing 
concentrations of RE dopants typically results in enhanced material 
properties, RE elements are prohibitively expensive, limiting their 
applicability in real spaces. Other materials sustainability factors such as 
those captured by the Herfindahl-Hirschman Index (HHI) point to 
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market concentration and scarcity risks, particularly for several of the 
attractive alloying elements for lightweight structural materials that 
impart beneficial properties [28,29], thereby motivating the need for 
careful compositional optimization. In this work, a combinatorial 
approach is applied to a ternary nanocrystalline Al-TM-RE system to 
investigate the influence of reducing the RE content on the overall 
mechanical properties. An exemplar nanocrystalline Al-base alloy, 
Al-Ni-Y, was selected for its strong amorphous complexion-forming 
behavior, its manufacturability in bulk form [19], and promising me-
chanical property retention when subjected to thermal exposures. Y, in 
particular, appears to be an excellent alloying addition based on its 
strong stabilizing effect and amorphous complexion formation, but its 
market concentration is the highest of all elements according to the HHI 
index [29]; here, we seek to optimize the thermomechanical properties 
while minimizing the total amount of alloying additions. 

2. Material and methods 

Nanocrystalline Al-Ni-Y alloys were synthesized on (100) Si wafers 
using an AJA ATC 1800 sputter deposition system configured with three 
dependently controlled DC guns (Gun 1: a pure Al target, Gun 2: a pre- 
alloyed 80 at.%Al-20 at.%Ni, Gun 3: a pre-alloyed 80 at.%Al-20 at.%Y). 
The nanocrystalline alloys were synthesized on (100) Si wafers with the 
substrate temperature maintained at a constant 25–30 ◦C, followed by a 
two hr annealing step across a temperature range of 150-375 ◦C. The 
deposition was performed at a base pressure and working pressure of 
1.33 × 108 mbar and 4.40 × 103 mbar, respectively and interrupted 
every 30 s for a duration of 3 s to ensure the formation of equiaxed 
nanograins, with alloys sputtered to a maximum thickness of 1 µm, 
ensuring that each sample contain over 100 grains along the indentation 
direction. Indentation tests were performed using a KLA iMicro Nano-
indenter equipped with a 50 mN load cell and a diamond Berkovich tip 
with a dynamic oscillation (amplitude of 1 nm) superimposed at 100 Hz 
for continuous stiffness measurements during indentation at a strain rate 
of 0.2 s1. The reported hardness values were averaged from 100 to 150 
nm indentation depths to avoid the effects of surface roughness and the 
influence of the substrate. XRD scans were performed on a Rigaku 
SmartLab diffractometer using a Cu Kα1 source. Lattice parameter (a) 
and mean grain size (d) of the Al-rich alloys were determined from 
fitting the profile of the {111} peak [30] and the coherently scattered 
length from the Scherrer equation [31]. Residual stresses were found to 
be negligible based on previous work on similar systems [23]. Samples 
for transmission electron microscopy (TEM) were prepared through a 
focused ion beam (FIB) liftout procedure in an FEI Helios Dualbeam 
Nanolab 600. STEM high angle annular dark field (STEM-HAADF) and 
STEM dark field (STEM-DF) micrographs, and complementary 
energy-dispersive X-ray spectroscopy (STEM-EDS) maps, were collected 
using a ThermoFisher Talos G2 200X TEM/STEM operated at 200 keV 
with collection angles for STEM-HAADF and STEM-DF of 61–200 and 
12–20 mrad, respectively. In situ annealing was performed in the Ther-
moFisher Talos using a MEMS-based Protochips Fusion holder. The 

sample was annealed to consecutively higher temperatures (175, 200, 
250, 300 ◦C) using a heating rate of 100 ◦C/s, followed by an isothermal 
hold of 5 mins and immediate quenching at 500 ◦C/s for acquisition of 
STEM-EDS maps. Videos were acquired at a 1024×1024 pixel resolution 
and with dwell times of 500 ns, resulting in a total frame time of 780 ms, 
or roughly 1 fps. 

3. Results and discussion 

Stabilization of nanograins and grain boundary enrichment is 
evident, as demonstrated in a STEM-DF micrograph of a representative 
Al-TM-RE alloy, Al-2.3 at.%Ni-2.3 at.%Y, annealed at 200 ◦C (Fig. 1a). 
Inspection of the microstructure confirms a sputtered film thickness of 1 
µm and grain sizes below 100 nm. Indexing of the associated selected 
area electron diffraction (SAED) pattern matches a single-phase FCC 
crystal structure and indicates the presence of nanocrystalline grains 
through the presence of sharp diffraction rings [32]. Variations in the 
contrast shown through STEM-HAADF in Fig. 1b suggest compositional 
variations across the microstructure, which are verified by a line-scan 
(Fig. 1d) across the corresponding STEM-EDS map (Fig. 1c), suggest-
ing co-segregation of the dopant atoms, Ni and Y, at the grain bound-
aries. No apparent Ga segregation is observed in the STEM-EDS map 
provided in the inset in Fig. 1c, with average Ga compositions remaining 
below 1 at.%. Nanocrystalline grain sizes of 13.6 ± 7.7 nm were 
measured through analysis of the STEM-DF micrograph shown in 
Fig. 1e, with the largest grains approaching ≈40 nm (grain size distri-
bution provided in Fig. 1f). Similarities between the average grain size 
and wavelength of the dopant distribution along the STEM-EDS line--
scan further indicate chemical segregation at the grain boundaries. 
However, we note that the nature of nanocrystalline films frequently 
results in overlapping grains and slight misalignments that prevent a 
perfect edge-on alignment. Furthermore, STEM-EDS is a 
volume-averaging technique; as such, STEM-EDS data for nanocrystal-
line grains should only be interpreted as a qualitative measurement of 
grain boundary segregation. While a compositional analysis with higher 
spatial resolution, such as atom probe tomography, would be capable of 
direct quantitative determination of grain boundary segregation, such 
techniques are costly in terms of time and are therefore, not 
high-throughput techniques. Finally, we note that these results are 
consistent with prior work on similar Al-TM-RE nanocrystalline films, 
where relaxation of the microstructure during low temperature 
annealing was shown to drive dopant segregation at the grain bound-
aries [23]. 

To determine the optimal combination of alloying elements, eight 
different compositions of Al-Ni-Y ranging from Ni + Y = 3.7 at.% to Ni 
+ Y = 8.1 at.% were annealed ex situ to various temperatures up to 
400 ◦C (72 % of the melting point of Al); all of the Al-Ni-Y compositions 
and annealing temperatures are laid out in Table 1. Mechanical hardness 
was probed through nanoindentation after each annealing step to cap-
ture mechanical property changes, with the results for each composition 
provided in Fig. 2a. All samples maintained an average hardness of 4–6 

Table 1 
Atomic compositions for the eight Al-Ni-Y ternary alloys along with their annealing temperatures.     

Composition (at.%)   

Al 91.9 92.7 93.1 93.1 93.3 95.3 95.4 96.3 
Ni 7.3 6.6 5.6 4.8 5.1 2.6 2.3 1.3 
Y 0.8 0.7 1.3 2.1 1.6 2.1 2.3 2.4 
Ni/Y 9.1 9.4 4.3 2.3 3.2 1.2 1.0 0.5 
Temperatures ( ◦C) 30 

150 
200 
250 
300 

30 
150 
200 
250 
300 

30 
150 
200 
250 
300 
325 

30 
150 
200 
250 
300 
325 

30 
150 
200 
250 
300 
325 

30 
150 
200 
250 
300 
325 
350 
375 

30 
150 
200 
250 
300 
325 
350 
375 

30 
150 
200 
250 
300 
325 
350 
375  
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Fig. 1. (a) STEM-DF micrograph of Al-2.3Ni-2.3Y annealed at 200 ◦C. SAED provided in inset shows clear evidence of diffraction rings formed from nanocrystalline 
grains and is indexed to an FCC crystal structure. (b) STEM-HAADF micrograph and corresponding (c) STEM-EDS map of Ni (light blue) and Y (red) for Al-2.3Ni-2.3Y 
annealed at 200 ◦C. A STEM-EDS map of Ga for the same region is provided in the inset. A line-scan (d) across three grain boundaries (white arrow in (c)) indicates 
grain boundary segregation of the two solutes. (e) Higher magnification STEM-DF micrograph emphasizing nanocrystallinity of the microstructure. (f) Distribution of 
grain sizes for the microstructure shown in (e). 
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GPa below annealing temperatures of 250 ◦C, with increasing combined 
dopant concentrations (Ni + Y) generally resulting in a higher average 
hardness. This hardness range is several times higher than pure nano-
crystalline Al [33] and far exceeds the hardness of most commercial Al 
alloys [34]. To confirm the nanocrystallinity of the microstructures, 
average grain size and lattice parameter for the three lowest combined 
dopant concentrations (Ni + Y = 4.7, 4.6, and 3.7 at.%) were estimated 
through fitting of the FCC Al peak from XRD and are plotted in Fig. 2a. 
XRD results confirm nanocrystalline grain sizes below 11 nm for all three 
compositions until 250 ◦C, correlating closely with the trends observed 
in the hardness. On the other hand, lattice parameters for the same 
compositions decrease slowly from approximately 4.08 Å at room tem-
perature to 4.075 Å at 150 ◦C, and decrease rapidly to 4.055 Å at 250 ◦C. 
Noting that the lattice parameter of pure FCC Al is 4.050 Å, reductions in 
the lattice parameter at low annealing temperatures suggests relaxation 
of the grain interiors through dopant co-segregation towards the grain 
boundaries as corroborated by the STEM-EDS maps in Fig. 1c. 

Annealing beyond 250 ◦C led to an appreciable reduction in hardness 
below 4 GPa across all compositions that was concomitant with an in-
crease in the average grain size to ≈15 nm. Such trends are commonly 
observed in nanocrystalline metals and are typically a reflection of the 
reduced number of grain boundary-mediated mechanisms that accom-
pany the reduction in grain boundary volume. However, the increase in 
the average grain size is subtle, increasing by fewer than 5 nm, and thus 
it is unlikely that such a pronounced reduction in hardness is solely 
related to the increase in grain size. To examine this reduction in 
hardness, TEM samples were prepared for Al-2.3Ni-2.3Y annealed at two 
different temperatures, 200 ◦C and 375 ◦C, and STEM-DF and STEM- 
HAADF micrographs for each sample are provided in Fig. 2b and 2c, 
respectively. At 200 ◦C, the microstructure is clearly nanocrystalline and 

in strong agreement with the average grain size estimated through XRD. 
At 375 ◦C however, the microstructure has evolved significantly. 
Contrast variations in the STEM-HAADF micrograph suggests the pres-
ence of secondary intermetallic precipitates throughout the bulk nano-
crystalline Al matrix, with some subtle increases in the grain size 
observable in the corresponding STEM-DF micrograph. Furthermore, 
compositional maps generated through STEM-EDS, shown in Fig. 2d, 
confirm the chemical partitioning of Ni and Y to the intermetallics. The 
presence of both dopant species within the intermetallics suggests a 
transition in the dominant diffusion pathway and local phase equilibria 
with temperature: at lower temperatures, the dopants co-segregate to-
wards the grain boundaries, while at higher temperatures, these 
enriched regions promote intermetallic formation [35–37]. 

Prior literature on Al-TM-RE systems that form metallic glasses have 
demonstrated that devitrification of the glass through crystal nucleation 
may occur during thermal exposures. This phenomenon would result in 
solute partitioning with the Al-base crystals rejecting elements such as Y 
[38–40]. Experimentally, signatures of such devitrification would pre-
sent themselves through: (1) broad/diffuse XRD and SAED peaks for the 
as-deposited films arising from the amorphous bulk [41–43]; (2) peak 
evolution with annealing, as the grain size measure would increase 
significantly during the early stages if crystal nucleation and growth 
from an amorphous material were occurring; (3) evidence of a contin-
uous amorphous phase indicated in STEM-DF images. However, none of 
the aforementioned features were observed for any system in this study. 
Instead, XRD (Figure S1 in the supplemental) and SAED (Fig. 1a) pat-
terns from the as-deposited material contained sharp peaks indexed as 
nanocrystalline FCC phases and there was no appreciable change in the 
XRD grain size at low temperatures (Fig. 2a), while the STEM-DF mi-
crographs indicate the clear presence of FCC crystalline grains (Fig. 1e 

Fig. 2. (a) Hardness as a function of temperature for all Al-Ni-Y samples in this study and corresponding grain sizes/lattice parameter for three representative Al-Ni-Y 
microstructures (Al-2.6Ni-2.1Y, Al-2.3Ni-2.3Y, and Al-1.3Ni-2.4Y). STEM-DF and STEM-HAADF micrographs of Al2.3Ni-2.3Y after annealing at (b) 200 ◦C and (c) 
375 ◦C. (d) STEM-EDS maps (Al, Ni, and Y) of intermetallics in Al-2.3Ni-2.3Y annealed at 375 ◦C. 
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and Fig. 2b). Therefore, it follows that grain boundary enrichment in 
these alloys occurs from solute segregation towards the grain boundaries 
and is not a result of solute partitioning following devitrification. 

To examine the influence of composition on the mechanical hardness 
and its retention following thermal exposure, the relative hardness 
(normalized change in hardness, H/H0, where H0 is the hardness of the 
as-deposited alloy) was plotted through annealing temperatures for all 
compositions of Al-Ni-Y (Fig. 3a). All compositions exhibited a reduction 
in the hardness of up to 40 % above some threshold temperature; the 
exact temperature at which each composition exhibited a drop in 
hardness below the initial hardness, i.e. H/H0 < 0, is denoted as the 
”retention temperature.” At the highest dopant concentrations, Ni+Y >
7 %, and where the ratio of Ni/Y was at least 5, the hardness decreased 
immediately at the lowest temperature applied in this study, 150 ◦C. 
Reduction of the Ni/Y ratio to between 2 and 5 led to a subtle increase in 
hardness at temperatures between 150 ◦C and 250 ◦C, likely related to 
dopant co-segregation at the grain boundaries and corresponding 
structural relaxation, followed by higher retention temperatures of 
approximately 300 ◦C relative to the highest Ni/Y ratios. Further 
reduction of the Ni/Y ratio to below 2 resulted in the largest relative 
gains in the mechanical hardness, ~10 %, at the lowest temperatures. 
The highest retention temperature was observed in the case where the 
Ni/Y ratio approached unity. To capture the shift in retention temper-
ature with dopant concentration, retention temperatures were plotted as 
a function of Ni and Y in a Gibbs triangle shown in Fig. 3b. Retention 
temperatures for another Al-TM-RE system, Al-Ni-Ce, published in 
Ref. [23], were included to provide a comparison to an Al-TM-RE system 
where the TM/RE ratio was maintained at unity with increasing dopant 
concentrations, although other alloying ratios were not explored in that 
study. As observed in Al-Ni-Ce, and at the equivalent dopant 

concentrations in Al-Ni-Y, equal amounts of the TM and RE species 
resulted in higher retention temperatures, or a delayed reduction in the 
hardness with increasing concentrations. However, the removal of the 
RE species in Al-Ni-Y culminated in the inverse behavior, with signifi-
cantly reduced retention temperatures (below 200 ◦C for Ni/Y > 5) 
approaching three times lower than the highest retention temperature of 
compositions with equal amounts of TM and RE (375 ◦C for Ni/Y = 1). 

Further examination of the microstructure after high temperature 
annealing was performed to explore the origins of the variation in 
retention temperature across compositions. Two compositions, Al- 
2.3Ni-2.3Y (Ni/Y = 1) and a composition with unequal dopant con-
centrations, Al-1.3Ni-2.4Y (Ni/Y = 0.54), were annealed to 495 ◦C (well 
above retention temperatures) and examined directly below the inden-
ted region to assess microstructure evolution directly at the sites cor-
responding to reductions in hardness, with STEM-HAADF micrographs 
for both compositions provided in Fig. 3c and 3d respectively. In Al- 
2.3Ni-2.3Y, the FCC Al nanocrystalline grains have significantly 
increased in size, with a high volume density (ρ = 2.7 × 10− 6 ± 5.0 ×
10− 7 cm− 3) of equiaxed intermetallics throughout the sample. Compo-
sitional analysis of the intermetallics through STEM-EDS in Fig. 3c 
suggest a single intermetallic composition, likely Al9Ni3Y, with no 
segregation of Ni or Y evident elsewhere in the microstructure, indi-
cating that the initial grain boundary enrichment gives way to parti-
tioning to the intermetallics during precipitation. In the sample with 
unequal dopant concentrations (Al-1.3Ni-2.4Y), the original nano-
crystalline microstructure is also no longer evident and now consists of a 
bimodal distribution of intermetallics of either equiaxed or elongated 
shapes with a total volume density of 9.9 × 10− 7 ± 3.0 × 10− 7 cm 3. 
STEM-EDS analysis of these intermetallics reveals two unique compo-
sitions: a binary Al3Y phase with equiaxed structures and a ternary 

Fig. 3. (a) Relative hardness vs. annealing temperatures for all Al-Ni-Y compositions. (b) Gibbs triangle of retention temperatures, or the temperature at which the 
hardness decreases relative to as-deposited values. Data for Al-Ni-Y represented with closed circles and reference data for Al-Ni-Ce (from Ref. [23]) represented with 
open circles (with the line color representing the transition temperature). Reference lines are provided for TM/RE ratios of 1, 2, and 5. STEM-HAADF micrographs of 
two representative Al-Ni-Y systems, Al-2.3Ni-2.3Y (c) and Al-1.3Ni-2.4Y (d), annealed at 495 ◦C with corresponding EDS maps containing Ni (in light blue) and Y (in 
red). Nanobeam electron diffraction (NBED) patterns are provided as insets and show extra diffraction spots associated with the formation of intermetallic phases. 
TEM lamella were lifted out from within a nanoindentation indent; indent shape outlined in red. 
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intermetallic with elongated structures that differs in composition from 
the ternary intermetallic found in Al-2.3Ni-2.3Y. Prior work on similar 
ultrafine-grained Ni-lean Al-Ni-Y systems have identified identical 
intermetallic features as embedded Al23Ni6Y4 (monoclinic) in a 
Al19Ni5Y3 (orthorhombic) matrix [44]. Furthermore, the formation of 
unique intermetallic phases following minor variations in composition is 
consistent with experimentally determined ternary phase diagrams of 
Al-Ni-Y, with a two-phase equilibrium field present near compositions 
with TM/RE = 1 and a stable three-phase equilibrium field with TM/RE 
< 1 [45]. 

In the Al-Ni-Y system, variations in the mechanical hardness through 
annealing can thus be generally attributed to increases in grain size and 
the formation of intermetallics. However, while STEM-HAADF micro-
graphs of the microstructures at 495 ◦C do indicate the presence of 
exponential grain growth (Fig. 3c and 3d) after annealing at this very 
high temperature, the subtle shift in grain sizes near the retention 
temperatures are unlikely to be strongly correlated to the precipitous 
drop in hardness. Furthermore, the range of grain sizes lies within the 
expected range for the inverse Hall-Petch relationship, where a shift to 
grain boundary mediated plasticity results in a reduction in hardness 
with grain size [46]. We note that solid solution strengthening is also 
unlikely to be a dominant mechanism at any composition given the 
significant segregation of dopants at all temperatures. It follows that the 
reduction in hardness is most strongly correlated to the onset of inter-
metallic formation and coarsening, as shown in Fig. 2a. While it is ex-
pected for intermetallic phases to be harder than the FCC Al matrix, the 

uneven distribution of intermetallics could promote shear localization 
and subsequent softening through intermetallic-free pathways, as 
demonstrated in Ref. [19]. Given the lower density of intermetallics 
with disparate morphologies evident in Al-Ni-Y systems with uneven 
dopant concentrations (Fig. 3d), it follows that these systems will exhibit 
an earlier onset of softening, as evidenced by the significant reduction in 
the retention temperature at the highest dopant concentrations. 

To directly observe the onset of intermetallic formation and its cor-
relation to the retention temperature associated with microstructural 
and mechanical evolution, a TEM lamella of Al-2.3Ni-2.3Y was prepared 
and mounted for in situ annealing up to 300 ◦C. No appreciable micro-
structural changes were observed up to 200 ◦C (STEM-HAADF micro-
graph in Fig. 4a). Increasing the temperature to 250 ◦C led to diffusion of 
solute species, as evidenced by the contrast changes in the STEM-HAADF 
micrograph in Fig. 4b and segregation of Ni at these features. At 300 ◦C, 
the microstructure abruptly changes due to the formation of in-
termetallics (Fig. 4c), with isothermal annealing resulting in the disso-
lution of smaller intermetallics (Fig. 4d) through a ripening mechanism. 
Curiously, the intermetallics formed in Al-2.3Ni-2.3Y following an in situ 
annealing treatment differed from the intermetallics formed during the 
ex situ annealing treatment, as in Fig. 3c, and more closely resemble the 
elongated complex intermetallics formed in the Ni-lean sample in 
Fig. 3d. Such a behavior is a likely reflection of Ni diffusion to the 
lamella surfaces, resulting in Ni segregation observed in Fig. 4b and 
reducing the local Ni concentration, thereby promoting the formation of 
Ni-lean intermetallics at a lower retention temperature, 300 ◦C, 

Fig. 4. STEM-HAADF micrographs of Al-2.3Ni-2.3Y from the in situ heating experiment acquired (a) during annealing at 200 ◦C after 5 min, (b) during annealing at 
250 ◦C after 5 min, (c) during annealing at 300 ◦C after 7 s, and (d) during annealing at 300 ◦C after 23 s. Representative STEM-EDS maps of Ni and Y post-quenching 
are provided in (b) and (d). A representative NBED acquired at an intermetallic precipitate is provided as an inset. 
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reminiscent of the Ni-lean Al-1.3Ni-2.4Y. Thus, the instant formation of 
intermetallics at 300 ◦C, correlated with the exact temperature range at 
which the hardness drops, illustrates the direct connection between 
intermetallic formation and the shift in mechanical hardness. 

4. Conclusion 

To summarize, a combinatorial approach was utilized to examine the 
influence of the RE dopant in a ternary nanocrystalline Al-TM-RE alloy. 
High-throughput characterization techniques, namely nanoindentation 
and XRD, were used to down-select ideal systems for probing micro-
structural transitions, and revealed two general regimes: an anneal- 
hardening and an anneal-softening regime. In the anneal-hardening 
regime, nanocrystalline grain boundaries were stabilized through 
structural relaxation and dopant co-segregation towards the grain 
boundaries, increasing the overall hardness. In the second regime, high 
temperatures drove the formation of intermetallics, creating possible 
pathways for strain localization and subsequent softening. Differences in 
composition gave rise to variations in the retention temperature, as 
increasing the TM/RE ratio led to the formation of two intermetallic 
compositions with reduced distributions, facilitating softening through 
strain localization. In the Al-Ni-Y system, our results point to optimal 
thermal and mechanical stability when the Ni/Y ratio is close to 1, even 
when the overall Y content is as low as 2 at.%, which is favorable when 
costs and sustainability considerations are important [47]. Our results 
demonstrate the benefits of co-segregation of dopant species in ternary 
alloys, extending microstructural stability to higher temperatures while 
enhancing the mechanical hardness and encouraging the utilization of 
co-segregated compositions as the optimal compositions for micro-
structural stability. 
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