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Abstract

The nucleation of coherent L1, precipitates in aluminum alloys is investigated by first-principles
supercell modeling, with density functional theory (DFT) calculations in the generalized gradient
approximation, employing a plane wave basis set and pseudopotentials. Distance-resolved solute—
solute interaction maps were obtained for Zr in Al, revealing a strong energetic preference for the
2nd coordination shell, consistent with the atomic arrangement in the metastable L1;-Al3Zr phase.
Stepwise cluster assembly shows a linear stabilization energy gain, while configurations corresponding
to the equilibrium D03 structure are unfavorable at early nucleation stages. Similar 2"-shell attraction
was confirmed for Sc, Ti, and Hf, in contrast to V, Cr, and Cu, which lack strong ordering tendencies.
These results provide atomistic insight into precipitate formation pathways and establish predictive
criteria for identifying alloying elements with a high propensity to form thermally stable, coherent L1,
phases in aluminum alloys.

Keywords: aluminum alloys; L1, precipitates; density functional theory (DFT); solute-solute interac-
tions; nucleation pathways; thermal stability; cluster formation

1. Introduction

Aluminum is an abundant element in the earth’s crust [1-3]. As a structural material, aluminum is
used in extensive industrial applications [4-6]. However, pure aluminum (Al) exhibits a yield strength
of approximately 32 MPa at room temperature [7]. In contrast, the high-strength aluminum alloys can
achieve yield strengths exceeding 460 MPa [8].

[4,9,10]. Aluminum alloys are typically composed of alloying elements such as magnesium
(Mg) [11], silicon (Si) [12], zirconium (Zr) [13,14], copper (Cu) [15], zinc (Zn) [16], manganese (Mn) [17],
titanium (Ti) [18], chromium (Cr) [19], vanadium (V) [20], and iron (Fe) [21], scandium (Sc) [22] and
hafnium (Hf) [23], etc. Through various processing technologies, these alloying elements significantly
improve the mechanical properties of aluminum materials.

In industrial applications, the primary methods for enhancing the strength of aluminum alloys
include solid solution strengthening [24], work hardening [25], precipitation strengthening [26], dis-
persion strengthening [27], grain-boundary strengthening [28] and so on. These mechanisms often act
synergistically, each impeding dislocation motion through distinct pathways, thereby improving the
alloy’s overall strength. Precipitation strengthening is a particularly effective approach for increasing
the yield strength of aluminum alloys [29]. This process involves the formation of finely distributed,
coherent precipitates within the aluminum crystal lattice [26]. These precipitates act as obstacles to
dislocation motion, substantially improving the mechanical properties of the alloy. For instance, the
formation of AlsZr precipitates within an aluminum matrix contributes significantly to dispersion
strengthening via the Orowan mechanism, effectively hindering dislocation motion [30].

The alloys containing rare-earth elements or transition metals commonly form two distinct types
of precipitate structures: the L1, (cubic) and D03 (tetragonal) phases. Elements such as Zr, Sc, Ti,

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://orcid.org/0000-0003-1242-1358
https://orcid.org/0009-0007-3493-1400
https://orcid.org/0000-0003-0455-1945
https://doi.org/10.20944/preprints202508.1910.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 August 2025 d0i:10.20944/preprints202508.1910.v1

20f 11

Hf, and certain f-electron metals are known to promote the formation of these precipitates as shown

in Table 1.
Table 1. Phases and stability of Al3X (X=Zr,Sc,Ti,Hf) precipitate [23,31-36].
Precipitate Phase Condition Stability Lattice constant
AL Zr L1, <425°C metastable g ~ 4.04-4.05 A
3 D0y >450°C stable a~4009A,c~17261A,c/a~43
Al3Sc Ll,  200-650°C  stable a~4.103 A
ALTi L1, rapid cooling metastable 4= 3.854 A, c ~ 8.584 A, c/a ~ 2.23
3 D0y,  500-650 °C stable a~3854A,c~8584A,c/a~223
L1,  250-350°C  metastable a ~ 4.048-4.091 A
AlgHf D0y  450-550 °C stable -
D03 >550°C stable a~3988A,c~17.157 A

In an aluminum matrix, zirconium (Zr) exhibits preferential enrichment within dendrite cells or
grain interiors [32,37]. The partition coefficient of Zr in Al, approximately 2.5, results in significantly
elevated Zr concentrations in the dendrite core compared to the grain boundary regions [37]. This
heterogeneous distribution influences the nucleation driving force, leading to distinct nucleation
mechanisms in different microstructural regions [37]. In the dendrite core, high Zr supersaturation
promotes homogeneous nucleation, yielding a high density of fine, coherent L1,-Al3Zr precipitates
with sizes below 10 nm [32]. Conversely, in the interdendritic or grain boundary regions, lower Zr
supersaturation favors heterogeneous nucleation at defects such as dislocations or grain boundaries,
producing larger precipitates (approximately 25 nm) with a reduced number density [32].

The addition of 0.2 wt.% Zr to an aluminum matrix significantly enhances the mechanical prop-
erties of aluminum alloys. In 6063 aluminum alloy with 0.2 wt.% Zr addition, the Vickers hardness
and tensile strength increase by 12.96% and 7.86%, respectively, after 6 hours of aging treatment [38].
Similarly, for AlSisCup;Mg alloy containing 0.2 wt.% Zr, both yield strength and tensile strength demon-
strate notable improvement after the heat treatment [39]. The formation of fine, coherent L1,-Al3Zr
precipitates results in a ~60% increase in microhardness and nearly doubles the yield strength at
room temperature [40]. These fine coherent Al3Zr dispersoids also impede grain boundary migration,
enhancing resistance to recrystallization through the Zener pinning effect. Notably, the maximum
pinning force exerted by coherent dispersoids is twice that of incoherent dispersoids of equivalent
size [41,42]. The effectiveness of resistance to this recrystallization and microstructure coarsening
depends on the size, volume fraction, and coherency of the precipitates within the matrix. Overall,
the formation of alloy precipitates significantly enhances the mechanical performance of aluminum
alloys [41].

Beyond mechanical properties, precipitates in aluminum alloys can improve other material
characteristics, such as thermal stability and high-temperature performance [43]. Al3Zr precipitates,
for example, exhibit exceptional thermal stability due to the low diffusivity of Zr in the aluminum
matrix [44]. At 300°C, Al-Zr alloys demonstrate superior creep resistance compared to conventional
aluminum alloys, attributable to the presence of thermally stable precipitates [43]. In comparison
of L1, precipitates, the stable equilibrium phase in the Al-Zr system is the D0ys3-structured Al3Zr.
When aged at temperatures above approximately 450-500°C, the metastable L1, Al3Zr particles
gradually transform into the disk-shaped D0,3 morphology, often nucleating heterogeneously along
dislocations [32].

In addition to the aforementioned alloying elements, other elements in aluminum alloys exhibit
distinct precipitation behaviors. In Al-Cu alloys, the precipitation sequence is well reported that it
initiates with the formation of Guinier-Preston (GP) zones, followed by the development of metastable
intermediate phases such as 8" (GP II zones) and 6’ [45], ultimately leading to the stable equilibrium
phase 6-Al,Cu. Among these, the plate-shaped 6’ (Al,Cu) precipitates are recognized as the primary
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strengthening phases in these alloys. The Cu-Al alloy exhibits a body-centered tetragonal crystal
structure (space group I4/mmm) and maintains a specific orientation relationship with the face-centered
cubic (FCC) aluminum matrix [45]. Moreover, magnesium and silicon in Al-Mg-Si alloys combine to
form Mg, Si precipitates, which crystallize in a face-centered cubic lattice, specifically adopting the
fluorite structure (space group Fm3m). Similarly, chromium and vanadium form discrete precipitate
phases within aluminum matrices, typically in combination with additional alloying elements. The
incorporation of chromium into aluminum-manganese alloys has been observed to slow precipitation
kinetics while promoting the stabilization of Al;Mn-type precipitates [46]. In Al-Zr-V alloy system:s,
solute vanadium and zirconium co-precipitate to form L1;-ordered Al3(Zr,V) particles. These coherent
precipitates exhibit excellent lattice matching with the aluminum matrix and provide significant
strengthening effects [47].

On the other hand, certain alloying elements primarily contribute to the strength of wrought
aluminum alloys through solid solution strengthening, rather than the formation of coherent or
semi-coherent precipitates. Although some of these elements may form intermetallic phases under
specific conditions, their dominant strengthening mechanism arises from their dissolution within the
aluminum matrix. Alloying elements that achieve strengthening through this mechanism include
Mg, Si, Zn. Mg exhibits substantial solid solubility in the aluminum matrix at 0.3-0.7 wt.% at room
temperature [24]. Due to the larger atomic radii of Mg, the dissolved Mg atoms create lattice distortion
fields that effectively impede dislocation motion, thereby significantly enhancing both yield strength
and ultimate tensile strength of the alloy system [24]. Both Si and Zn also exhibit solid solution
strengthening effects in x-Al matrices [48]. Tokuteru et al. [48] employed first-principles calculations to
determine the misfit strains induced by these solute atoms (Si and Zn) and subsequently quantified their
contributions to yield strength through the Friedel model. The computational results revealed misfit
strains of approximately —0.61% for Si and —0.38% for Zn in «-Al, demonstrating good agreement
with experimental measurements from Al-Zn alloy systems.

This study employs density functional theory (DFT) to calculate and analyze the influence of
interatomic distances between various alloying elements in the aluminum matrix on the overall
energy change of the aluminum alloy system. The study further seeks to correlate and predict these
distance-resolved interactions with the formation of distinct precipitate phases in aluminum alloys.

2. Computational Details

Density-functional theory calculations were performed using the ABINIT code [49-51], in-
corporating generalized gradient approximations (GGA) for the exchange-correlation functional as
parameterized by Perdew, Burke, and Ernzerhof (PBE) [52]. The simulations employed a3 x 3 x 3
supercell of the face-centered cubic (fcc) aluminum unit cell, containing 108 atoms (Figure 1a), with
periodic boundary conditions applied in all three spatial dimensions. The supercell dimensions were
12.10 Ax12.10 Ax12.10 A. A real-space k-point grid parameter (kptrlen) of 24.24 A was utilized,
and Brillouin zone sampling was performed using a 2 x 2 x 2 Monkhorst-Pack grid with a shift of
(0.5,0.5,0.5).

Core electrons were treated implicitly using norm-conserving pseudopotentials following the
Hamann scheme [53], while valence electrons were expanded in a plane-wave basis with a kinetic
energy cutoff of 1088 eV. The electronic configurations for the explicitly treated valence states were as
follows: 3523;91 for aluminum matrix atoms, and for alloying species: Sc—[Ar]3d! 452, Ti-[Ar]3d2 452,
V-[Ar]3d® 452, Cr-[Ar]3d° 4s', Cu-[Ar]3d'0 45!, Zr-[Kr]4d? 552, and Hf-[Xe]4 f1* 542 65°.

The self-consistent field (SCF) calculations were considered converged when the energy difference
between successive iterations fell below 2.7 x 10~7 eV. Structural relaxations proceeded until the
maximum residual force on any atom was less than 2.5 x 1073 eV/atom. All calculations were
performed without spin polarization.
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3. Results

Understanding impurity interactions in aluminum alloys is critically important, as these interac-
tions fundamentally govern the nucleation of precipitates, cluster formation pathways, and, ultimately,
the mechanical performance of engineering alloys. Solute clusters act as precursors to strengthening
precipitates, and the strength and range of solute—solute interactions determine the stability, morphol-
ogy, and coarsening behavior of these clusters, thereby directly influencing the age-hardening response
and thermal stability of the material.

Numerous computational and experimental studies have addressed this topic; however, the con-
ventional first-principles modeling approach typically involves two configurations: a single impurity
atom in a supercell and a pair of impurity atoms at a fixed separation. The energy difference between
these configurations is then interpreted as the interaction energy. While this approach yields valuable
information for a given impurity configuration, it provides only limited insight into the concentration
and distance dependence of impurity interactions and the way these interactions evolve spatially
during early-stage clustering.

In the present work, we follow an alternative approach we employed earlier for vacancy clustering
in SiC [54], and used supercell models containing a pair of impurity atoms and with various sizes to
represent different impurity concentrations. We position the impurities at multiple relative positions
corresponding to the 1st—4th coordination shells as indicated in Figure 1a. This distance-resolved
methodology enables the construction of an interaction energy profile as a function of interatomic sep-
aration, offering a more comprehensive atomistic picture of the binding energetics. By systematically
varying the distance between impurity atoms, we identify:

1.  Optimal separation distances that are energetically most favorable for a given solute pair.
2. Energy barriers associated with cluster rearrangement and growth.
3.  The transition from attractive to repulsive interaction regimes with distance.

(b)

() #21 8
)
#1
#7 ZrAls (mp- 395)

#33:\'%’% <,

Sk ‘“l%s

(111)

Figure 1. Atomic configurations used in the study. (a) 108-atom Al supercell showing positions #3, #5, and
#9 corresponding to the 2nd coordination shell around the first solute atom (#1). (b) Atomic structure of ZrAls
precipitate (mp-569775) with labeled atomic sites equivalent to those in (a). (c) Fragment of the supercell indicating
position #21, corresponding to the stable ZrAl; phase (mp-395) shown in (d). (f) and (g) Fragments of the supercell
with labeled atomic sites corresponding to a more cubic and a more planar cluster shape, respectively; in (g), the

#1

(111) plane containing position #39 is indicated.
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Such detailed interaction maps capture the energetic evolution from isolated solutes to clustered
configurations, which act as precursors for ordered precipitate phases. The obtained results provide
essential input parameters for higher-scale modeling frameworks, such as cluster dynamics and kinetic
Monte Carlo simulations, thereby improving the predictive capability for precipitation kinetics and
microstructure evolution in complex Al-based alloy systems.

In detail, Figure 1 presents the atomic configurations investigated in this study for the step-by-
step (atom-by-atom) assembly of the initial Zr clusters in an Al matrix. Panel (a) shows the 108-atom
supercell with the position #1 occupied by the first (isolated) Zr atom. Positions #5, #7, and #9
correspond to sites in the 2" coordination shell relative to the first Zr atom, which were identified in
Figure 2 as energetically favorable and match the relative Zr—Zr arrangement in the metastable L1,
ZrAlj phase (mp-569775) shown in Figure 1b. This cubic phase, fully coherent with the FCC Al matrix,
is known to form as fine precipitates in Al-Zr alloys during aging at moderate temperatures.

0.8
0.7 o Zr-Zr

0.6: o 108 atoms
0 5_- B 48 atoms

0.4
03{ = o
0.2
0.1 o
0.0
011
021
-0.3-‘ Y kT -
0.4

difE(eV)

1coord.sph. 2coord.sph. 3coord.sph. 4coord.sph.

Figure 2. Interaction energy between two Zr atoms in an Al matrix as a function of their separation (15'-4
coordination shell). Zero energy is referenced to the 4t shell configuration. Results are shown for 108-atom and
48-atom supercells; the blue arrow indicates the thermal energy scale (kT) for reference.

Figure 2 presents the calculated interaction energies between two Zr atoms in an Al matrix for
separations corresponding to the 1¢-4'" coordination shells, using both 108-atom (open symbols)
and 48-atom (filled symbols) supercells. The zero-energy reference corresponds to the configuration
with the atoms located in relative 4" coordination shell positions, while the blue arrow marks the
thermal excitation energy window of kT ~ 27 meV at room temperature for scale comparison. The
proposed distance-resolved approach clearly reveals that the 2°4 coordination shell represents an
energetically favorable position for the second Zr atom regardless of the supercell size. Notably, this
relative positioning corresponds to the atomic arrangement of Zr atoms in the cubic L1,-Al3Zr phase
(see Figure 1a,b), a metastable trialuminide structure well known to form in Al-Zr alloys. L1,-type
AlsM compounds are highly coherent with the FCC Al matrix, ensuring low interfacial energy and
strong resistance to coarsening, thereby maximizing the dispersion-strengthening effect and promoting
exceptional recrystallization resistance.

The fact that our first-principles calculations reproduce this favorable configuration from funda-
mental energetic considerations demonstrates the capability of the method to predict the propensity of
alloying elements to form precipitates of a given crystal structure. Furthermore, the effect becomes
even more pronounced at higher local Zr concentrations, which in our simulations can be modeled
using a smaller 48-atom supercell (3 x 2 x 2) with the solute pair aligned along the longest supercell
dimension to minimize periodic boundary condition effects. In this configuration the interaction
strength considerably amplified with the 2" coordination sphere being even the absolute minimum
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of all investigated structures. This suggests that increasing the local solute content enhances the
thermodynamic driving force for the nucleation of L1;-structured Al3Zr precipitates.

Figure 3 quantify the energetic evolution during the atom-by-atom nucleation of the first L1,-like
cluster by sequentially placing additional Zr atoms into positions #5, #7, and #9 (Figure 1a). A nearly
linear decrease in total energy is observed relative to the sum of isolated solute atoms (Figure 3a),
along with a corresponding linear gain in binding energy for each newly added atom (Figure 3b). This
indicates a strong and cumulative thermodynamic driving force for the formation of such clusters,
fully consistent with experimental observations of L1, ZrAl; precipitate nucleation.

stable mp-395

0.1 ( ) ( ) *
a pos#21 *' b post21
0.0 0.2
014 . isolated Zr atom in Al matrix S
) pos#5 C ) pos#33
~021 £ isolated Zr atom in Al matrix pos#37
3 u S 00 L
- 037 pos#7 g - pos#84 A
= 0.4 pos#33 5 pos#5 H pgzgg
30%7] pos#9 = # pos#37 02+ L] P
® 06 - A pOs#84 -g pos#7 - .
2 -0 o
. os#H77

H o7 metastable Hly B pos#9 pos#39

0.8 mp-569775 pos#36 :‘:j 0.4 A

-0.94

L] *
1.0 pos#39 064 Zrin ZrAI3 (mp-£
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Figure 3. (a) Total energy gain relative to isolated Zr atoms as a function of the number of Zr atoms in the cluster.
The zero level corresponds to the reference state of an isolated Zr atom in the Al matrix. Numbers next to the data
points indicate the lattice positions where the next Zr atom is added (see Figure 1). (b) Energy gain per Zr atom
relative to isolated Zr atoms as a function of the number of Zr atoms in the cluster. The zero level corresponds to
the reference state of an isolated Zr atom in the Al matrix.

To examine the possibility of direct nucleation of the stable tetragonal DO,3 ZrAl; phase (mp-395,

space group 14/mmm), which is the equilibrium phase in the Al-Zr system but forms in Al only after
prolonged exposure at elevated temperatures (>500 °C), we replaced the fourth Zr atom position (#9)
with position #21 (Figure 1c), corresponding to the DO,3 atomic arrangement shown in Figure 1d. In
full agreement with experimental data, this configuration was found to be energetically unfavorable—
both for the individual atom (Figure 3b) and for the cluster as a whole (Figure 3a)—indicating that
DOg3-type ordering is not favored at the earliest nucleation stages.

We then investigated multiple possible configurations for attaching the fifth Zr atom to the
growing cluster. Figure 1f illustrates positions #33 (fully equivalent to #37) and #77, which correspond
to a more cubic cluster morphology. As seen in Figure 3a, this pathway does not provide the maximum
energetic stabilization, while Figure 3b reveals that positions #33 and #37 are in fact energetically
unfavorable for a Zr atom compared to the isolated solute reference.

We also examined the placement of a Zr atom at position #84, located further along the (111) plane
passing through positions #5, #7, and #9, and representing a continuation of a close-packed atomic
layer. According to our calculations, this pathway also fails to deliver the most energetically favorable
growth mode for the nucleating precipitate.

The energetically most favorable pathway for continued growth was found to involve the forma-
tion of a “planar” cluster morphology, initiated by placing the fifth Zr atom at position #36 (Figure 1g).
Subsequent addition at position #39—Ilying in the (111) plane that passes through positions #1 and
#36, parallel to the plane containing atoms at #5, #7, and #9—Ileads to a nearly linear decrease in the
total cluster energy relative to the isolated-atom reference (Figure 3a). As shown in Figures 3b, in
such a planar arrangement, positions #9 and #39 yield the highest binding energies for incoming Zr
atoms, with the largest gains observed when the newly added atom forms the maximum number
of triangular connections with the existing cluster, reaching approximately half of the maximum
possible for Zr atoms in the fully ordered L1, ZrAl; phase (horizontal reference line in Figure 3b). This
morphology is reminiscent of the metastable, atom-layer thin GP I platelets observed by transmission
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electron microscopy in the Guinier-Preston zones of Cu-rich fcc Al [55] and modeled by DFT-enhanced
Monte-Carlo simulations [56].

Given the finding that the nucleation of initial precipitate clusters in a planar morphology is
energetically more favorable than in a cubic one, it is of interest to assess whether this geometric
preference has implications for the mechanical properties of the alloy. To obtain a first-order estimate,
we evaluated the effect of such clusters on the bulk modulus (B) of the Al matrix. Specifically, we
performed ab initio calculations for a 108-atom supercell containing a five-atom Zr cluster arranged
in either a more cubic (Figure 1f) or a more planar configuration (Figure 1g). The bulk modulus was
determined by computing the pressure as a function of the supercell volume, followed by a linear fit
of the resulting data. The calculated values were B = 83.9 &= 0.4 GPa for the cubic configuration and
B = 84.2 £ 0.4 GPa for the planar configuration, both notably higher than the corresponding value
for pure fcc Al obtained using the same approach (B = 78.2 &= 0.4 GPa). Within the accuracy of this
simple evaluation, no significant difference in the bulk modulus was observed between the two cluster
morphologies, although both clearly contribute to an overall stiffening of the Al matrix.

The preceding analysis for Zr (Figures 1-3) demonstrated that the most energetically favorable
configurations for the initial stages of cluster nucleation occur when successive solute atoms occupy
sites in the 2nd coordination shell, consistent with the atomic arrangement in the metastable L1,-Al;Zr
phase. This observation raises the question of whether similar interaction patterns exist for other
transition metals known to form coherent L1,-type trialuminide precipitates in aluminum alloys.

Following this step-by-step investigation of Zr cluster formation, Figure 4a extends the analysis
to Sc, Ti, and Hf, for which the AlsM L1, structure has been reported [23,31-36]. The calculated
interaction energy profiles for these solutes in a 108-atom supercell reveal pronounced minima for
configurations where the second solute atom resides in the 2nd coordination shell relative to the first
one—mirroring the Zr case. This spatial preference directly corresponds to the arrangement of solute
atoms in the cubic L1, crystal structure, as illustrated earlier for Zr in Figures 1a,b.

0.8+ (a) 0.5+ (b)

] o o Zr-Zr
0.7 O Sc-Sc| 0.4 u n V-V
0.6 o A TieTi ® CrCr
O HEHE s
0.54 o 0.3 1 °
3 04 3 :
o o 0.2 1
= 0.3 =
i 8 °
0.24 R 0.1
N KT n
0.14 © A
) ° 00{t 4 . .
0.04 <&
kT °
-0.1 -0.1

T T T T T T T T
1coord.sph. 2coord.sph. 3coord.sph. 4coord.sph. 1coord.sph. 2coord.sph. 3coord.sph. 4coord.sph.

Figure 4. Interaction energy between two solute atoms in an Al matrix as a function of their separation (15t-4"
coordination shell) for a 108-atom supercell: (a) Zr, Sc, Ti, and Hf; (b) V, Cr, and Cu. Zero energy is referenced to
the 4th shell configuration; the blue arrow indicates the thermal energy scale (kT) for comparison.

The L1,-AlsM precipitates formed by these elements share key features responsible for their
strengthening efficiency: a high degree of coherency with the fcc Al matrix, low interfacial energy, and
excellent thermal stability. Scandium forms the thermodynamically stable L1,-Al3Sc phase, producing
a fine, dense distribution of precipitates that significantly enhance strength and recrystallization
resistance [57]. Hafnium and titanium can also form metastable L1, phases, often in combination
with Zr or Sc, thereby contributing to the thermal stability and coarsening resistance of the precipitate
population [43].

Importantly, the interaction energies in the 2nd coordination shell for all four L1,-forming ele-
ments (Zr, Sc, Ti, and Hf) are substantially larger than the thermal excitation energy kT (indicated
by the blue arrow in Figure 4a), indicating a strong thermodynamic driving force for such specific
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atomic arrangements even at moderate temperatures. The consistency of this energetic preference
across multiple L1,-forming elements suggests that first-principles mapping of distance-dependent
solute-solute interactions can serve as a predictive tool for identifying alloying additions with a high
propensity to form coherent L1, precipitates in aluminum alloys.

Having established the characteristic interaction patterns for L1,-forming elements (Figure 4a), it
is instructive to contrast these with other transition metals that can also form precipitates in aluminum
alloys, but with crystal structures different from the coherent L1, trialuminides. At first glance, one
might expect the interaction profiles of all transition-metal solutes in Al to follow a universal trend,
potentially linked to the symmetry characteristics of their valence d-orbitals. However, Figure 4b
presents the calculated interaction energies for V, Cr, and Cu—three elements which represent the
early, central and late transition metals.

While these elements are capable of forming precipitates with Al under specific conditions, the
resulting phases differ structurally from the cubic L1, trialuminides and are typically incoherent or
only partially coherent with the aluminum matrix. For example, Cu in Al-Cu alloys forms plate-shaped
0’ (Al,Cu) precipitates with a body-centered tetragonal structure [45], V forms cubic AljV or related
phases [58], and Cr can form several complex intermetallics such as cubic Alj3Cr45i4 or hexagonal
Al Cr [59].

The interaction energy profiles for these elements do not exhibit as clear or deep minima at the 2nd
coordination shell as seen for L1,-forming solutes. This suggests that while solute—solute attraction still
plays a role in the nucleation of their respective precipitate phases, the spatial arrangement of atoms
in the early clusters is less directly tied to the final precipitate crystal structure. Consequently, our
distance-resolved interaction analysis reveals not only the thermodynamic driving forces for clustering,
but also qualitative differences in the nucleation pathways between coherent L1, phases and other,
less coherent precipitate structures.

4. Conclusions

In summary, our first-principles analysis of distance-dependent solute—solute interaction energies
reveals clear distinctions between several characteristic groups of alloying elements in aluminum:

1.  Ll,-forming elements — such as Zr, Sc, Ti, and Hf — which exhibit strong, well-defined attrac-
tion in the 2nd coordination shell, directly matching the atomic arrangement in coherent L1,
trialuminide precipitates. This group also includes several rare-earth elements (e.g., Er, Lu, Tm,
Yb) known to form similar coherent L1,-type phases under appropriate conditions.

2. Elements forming other structured precipitates — for instance, V, Cr, and Cu — which are among
the most widely used in practice to produce semi-coherent or incoherent strengthening phases
or dispersoids. While these are representative examples, other transition metals, though less
frequently employed, can also form non-L1, intermetallics with aluminum.

Data Availability Statement: The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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