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Abstract: Fe-containing intermetallic compounds (IMCs) are among the most detrimental second
phases in aluminum alloys. One particularly harmful type is θ-Al13Fe4, which exhibits a needle-
or plate-like morphology, leading to greater degradation of mechanical properties compared to
other Fe-IMCs with more compact structures, such as α-Al15(Fe,Mn)3Si2. The addition of alloying
elements is a crucial strategy for modifying the microstructure during the solidification process of
aluminum alloys. This study investigates the effects of adding vanadium (V) and zirconium (Zr) on
the morphology and crystal chemistry of θ-Al13Fe4 in an Al-4Fe alloy, employing a combination of
experimental observations, first-principle calculations, and thermodynamic analysis. Our findings
indicate that zirconium significantly refines both the primary θ-Al13Fe4 particles and the α-Al grains.
Additionally, a small amount of vanadium can be incorporated into one of the Wyckoff 4i Al sites in
θ-Al13Fe4, rather than occupying any Fe sites, under casting conditions, in addition to the formation
of binary Al-V phases.

Keywords: θ-Al13Fe4; Zr; V; Al-4Fe alloy; first-principle calculations

1. Introduction

Fe-containing intermetallic compounds (Fe-IMCs) usually form as coarse particles
with complex morphologies in aluminum alloys during casting [1]. Fe-IMCs especially
those with needle-like or plate-like morphologies such as θ-Al13Fe4 have detrimental effects
on the ductility of the cast Al alloys. The issue becomes more pronounced in recycled
aluminum alloys, where iron content can accumulate over multiple recycling cycles. Several
approaches have been explored in recent decades to address iron accumulation in aluminum
alloys [2–7]. One developed method is the de-iron treatment, which leverages the density
differences between iron intermetallic compounds and the aluminum melt to promote
sedimentation of primary Fe compounds [6]. A desirable de-ironing effect can be achieved
by applying the intensive shearing technology [7]. Other treatment paths such as ultrasonic
processing [8] and super heating have been used to reduce the Fe concentration in the
melt through formation of primary Fe intermetallic compounds [9,10]. Modification of the
Fe-IMCs is also one of the approaches by introducing minor alloying element addition,
which can alter their morphologies. [11,12].

Fe-IMCs generally have complex crystal structures and chemical compositions com-
pared to α-Al, making them more challenging to nucleate heterogeneously [13]. The
formation of Fe-IMCs is also very sensitive to the formation conditions such as alloy com-
position and cooling rate [1]. For example, θ-Al13Fe4 exhibits a diverse range of crystal
chemistry. It contains 20 crystallographically different types of atoms (5 Fe and 15 Al
species), highlighting its flexibility to accommodate alloying elements [1]. Therefore, the
morphology and crystal chemistry of θ-Al13Fe4 particles can be manipulated by doping
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with alloying elements. Previous studies have shown that the 3d transition metals such
as Mn, Cr, Co, Ni, Cu, etc. can be doped individually or in combination at the Fe sites in
θ-Al13Fe4, resulting in corresponding modifications to the lattice parameters and morphol-
ogy of the θ-Al13Fe4 [14–17]. Meanwhile, the doping of the other alloying elements, such
as V and Zr in this Fe-IMC, has been rarely reported.

Vanadium is a 3d element located as a relatively distant neighbor of iron in the Periodic
Table. It has a smaller atomic radius of 179 pm compared to that of Fe, which is 194 pm.
Al3V particles formed during casting may serve as potential nucleation substrates for
α-Al [17]. To date, there are no reports on vanadium solubility in θ-Al13Fe4. Zirconium
is a 4d element and has an atomic radius of 186 pm. Zr is commonly considered to be a
favorable element for the grain refinement of Al alloy [17,18]. Furthermore, due to the
peritectic nature of the binary Al-Zr phase diagram, adding zirconium at concentrations
higher than 0.11 wt.% can effectively refine α-Al grains by forming Al3Zr (D023) in the
melt [18]. Although there are reports about the impacts of Zr addition on improvement of
the microstructure and properties of Al-Fe alloys [19–22], the understanding of the effects
of Zr on the crystal chemical of θ-Al13Fe4 is still limited. In this study, we investigated
the comprehensive effects of V and Zr additions on the modification and refinement of
θ-Al13Fe4 particles, as well as on the grain refinement of α-Al, using a combined approach
of experimental observations, first-principle calculations and thermodynamic analysis.
Al-5Ti-1B grain refiner is one of the most effective grain refiners for aluminum alloys.
Therefore, the grain refinement of α-Al achieved through the addition of Zr in this study
was compared to that obtained with the commercial Al-5Ti-1B grain refiner. Our study
revealed that doping with both vanadium and zirconium at the Fe sites in θ-Al13Fe4 incurs
high energy costs. However, a small amount of vanadium can be doped into one of the
Wyckoff 4i Al sites in θ-Al13Fe4 at the casting temperature.

2. Experimental
2.1. Casting and Characterization

A binary Al-4Fe alloy (all compositions are in wt.%, unless otherwise stated) was
prepared by melting purity Al (>99.99%) and Al-45Fe master alloy in an electric resistance
furnace. The pure Al was molten at 900 ◦C followed by the addition of Al-45Fe master alloy.
Sufficient stirring was applied until the Al-45Fe master alloy fully dissolved, ensuring the
chemical homogeneity of the melt. The prepared melt was separated into equal amount va-
riety additions. To investigate the effects of zirconium addition on microstructural changes,
varying amounts of zirconium (0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, and 1.0%) were introduced using
an Al-10Zr master alloy into the prepared Al-4Fe alloy. To assess microstructural variations,
0, 0.1, and 0.5% of vanadium were added to the Al-4Fe alloy using an Al-10V master alloy.
Additionally, to compare the effects of zirconium and vanadium additions on the grain
refinement of Al-4Fe, the commercial Al-5Ti-1B grain refiner was also added to the alloy as
a reference for the grain refinement of α-Al.

The Al-Fe melts, both with and without different additions, were cast at a pouring
temperature of 800 ◦C into a Tp-1 mold, which was immediately cooled using a water spray
with a controlled flow rate of 3.8 L/min [23]. A specific cooling rate of 3.5 K/s, similar to
that of the directional casting, was achievable in Tp-1 mold at a sample section located
38 mm from the bottom. Tp-1 mold was pre-heated at a standard temperature of 380 ◦C.
A steel mold with a mushroom shape, designed for composition measurement purpose,
was casted following Tp-1 casting for each melt. A sample consisting of a 1 cm-thick flat
round plate with a handlebar in the middle can be cast from the mushroom mold. The rest
of the melts were kept in the furnace and naturally cooled down to 200 ◦C. The average
cooling rate, calculated based on the temperature difference (200–800 ◦C) and the cooling
time, is 0.02 K/s in this study. The composition of studied alloys was measured using a
foundry master alloy with stationary optical emission spectrometers, as shown in Table 1.
The phase diagram and the solidification curve of Al-4Fe-0.5Zr and Al-4Fe-0.5V alloys were
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calculated using Pandat software with the PanAluminum 2020 database [24], employing
the Scheil solidification model [25].

Table 1. Measured composition of studied alloys.

Alloys
Alloying Elements wt.%

Fe Zr V Mn Cr Ni Ti Cu Zn Si Mo

Al-4.0Fe 4.18 - - 0.01 0.01 0.01 - - 0.01 - 0.01
Al-4Fe-0.5Zr 3.86 0.57 0.01 0.01 0.01 0.02 - - 0.01 -
Al-4.0Fe-0.1V 3.73 - 0.10 0.01 0.01 0.02 0.01 - 0.01 - 0.01
Al-4.0Fe-0.5V 3.85 - 0.52 0.02 0.02 0.01 0.01 0.01 0.02 0.04 0.01

Note: - in the table means non-detectable.

Metallurgical investigations were conducted on the cross section taken at a height
of 38 mm from the bottom of the Tp-1 sample, which exhibited a specific cooling rate of
3.5 K/s [24]. Optical and scanning electron microscopes (SEM) were used for microstruc-
ture characterization. A Zeiss Leo SEM, equipped with EDX spectroscopy, was operated at
an accelerating voltage of 15–20 kV. The α-Al grains were observed and quantified using an
anodizing technique, which involved etching the aluminum sample in Barker’s reagent (a
diluted fluoroboric acid solution). The average grain size of α-Al was estimated using the
linear intercept method described in ASTM standard E112. The size and number density of
the primary θ-Al13Fe4 particles were also quantified. Due to the challenges in measuring
the needle-like θ-Al13Fe4, the assessment was based on the cross section of the θ-Al13Fe4
needles. To observe the 3-dimensional (3D) morphology of intermetallic compounds in this
study, the as-cast samples were deep etched in 15% HCl solution for 2–3 min followed by
the methanol bath. X-ray diffraction (XRD) studies were used to identify the phases using
a Brucker D500 (Cu Kα) operating at 40 kV and 40 mA.

2.2. First-Principle Calculations

The first-principle Vienna Ab initio Simulation Package (VASP) [26] was utilized in
this study. This code employs the density functional theory (DFT) within the projector-
augmented wave approach [27]. The Generalized Gradient Approximation (GGA-PBE) [27]
was applied for the exchange and correlation energy terms because the GGA functions
better for the d metals such as vanadium, iron, zirconium and related compounds than the
Local Density Approximation [28,29]. The cut-off energy of the wave functions was set
to 550 eV and the cut-off energy of the augmentation functions to 700 eV (1 eV is equal
to 1.6022 × 10−19 J). These values are higher than the corresponding default values. The
electronic wave functions were sampled with a 4 × 8 × 6 grid (70 to 100 k-points) in
the irreducible Brillouin zone (BZ) of θ-Al13Fe4 and the related compositions depending
on the symmetry, using the Monkhorst–Pack method [30]. First-principle structural opti-
mizations were performed for both lattice parameters and the coordinates of the atoms.
Different k-meshes and cut-off energies were used for the wave functions and augmenta-
tion wave functions, respectively. Tests showed good convergence with deviation within
1 meV per atom.

3. Results
3.1. The Effects of Zr on the Refinement of θ-Al13Fe4

Figure 1 shows the as-cast microstructure of Al-4Fe alloys with and without 0.5% Zr
solidified at 3.5 K/s. Figure 1a shows the primary θ-Al13Fe4 particles with a star-like
morphology in the Al-4Fe alloy. In Al-4Fe alloy, the primary θ phase can be observed with
up to ten-fold symmetry. The size of primary θ-Al13Fe4 particles, measured along the cross
section of the needles, was found to be 120.3 ± 13.2 µm, as shown in Table 2. The number
density was measured as 27.6 ± 6.7 mm−2. Figure 1b shows the obviously refined primary
θ-Al13Fe4 particles in Al-4Fe-0.5Zr alloy. The average measured size of primary θ-Al13Fe4
particles was 22.5 ± 0.9 µm. The number density of these IMCs was significantly increased
to 194.4 ± 32.5 mm−2.
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Figure 1. Optical microscope (OM) image demonstrating that the 0.5 wt.% Zr addition refined the
primary θ-Al13Fe4 in Al-4Fe alloy solidified at 3.5 K/s. (a) The primary θ-Al13Fe4 with star-like
morphology in Al-4Fe alloy, and (b) the refined primary θ-Al13Fe4 in Al-4F0.5Zr alloy.

Table 2. The effects of Zr and V on theθ-Al13Fe4 and grain size in studied alloys.

Alloy (wt.%)
θ-Al13Fe4 (Branches) α-Al

Section Size (µm) Number Density (mm−2) Grain Size

Al-4.0Fe 120.3 ± 13.2 27.6 ± 6.7 435.2 ± 40.8

Al-4.0Fe (Al-5Ti-1B) - - 153 ± 3.1 µm

Al-4Fe-0.5Zr 22.5 ± 0.9 194.4 ± 32.5 63.1 ± 2.8

Al-4.0Fe-0.1V 92.2 ± 13.8 Only a few can be seen -

Al-4.0Fe-0.5V 119.9 ± 20 Only a few can be seen 921.3 ± 50.4

Note: - in the table means non-detectable.

Figure 2 shows the further SEM investigation on the microstructure of Al-4Fe with
and without 0.5% Zr addition and solidified at 3.5 K/s. Figure 2a illustrates that the
primary θ-Al13Fe4 particles in the Al-4Fe alloy are large, with most exhibiting ten-fold
branches. The θ-Al13Fe4 particles in binary eutectic have a needle-/plate-like morphology
and large size compared to that in Al-4Fe-0.5Zr (Figure 2b). Figure 2b shows multiple
primary intermetallic compounds solidified in Al-4Fe-0.5Zr alloy at 3.5 K/s. They are the
refined θ-Al13Fe4 particles, along with some Zr-rich particles exhibiting cubic or needle-
like morphologies, with refined binary eutectic (θ-Al13Fe4 + α-Al). The morphology of
primary θ-Al13Fe4 particles in Al-4Fe-0.5Zr alloy is slightly different to that in Al-4Fe alloy.
The primary θ-Al13Fe4 particles have a larger size in Al-4Fe-0.5Zr alloy and normally
have ten-fold symmetry, which is same as that in Al-4Fe alloy. However, some primary
θ-Al13Fe4 particles have a small size (<25 µm) and only have two branches or no branch
viewed from the cross section. The SEM-EDS results presented in Table 3 indicate that
the no Zr can be detected in the θ-Al13Fe4 phase, and no Fe is present in the Zr-rich
compounds. The Zr-rich IMCs with cubic morphology are the major Zr-IMCs which
was identified as the equilibrium Al3Zr DO23, confirmed through SEM-EDS and XRD
analyses. Various non-equilibrium zirconium-rich intermetallic compounds (IMCs) with
different morphologies, such as needle-like structures (Figure 2b), can also be observed in
the Al-4Fe-0.5Zr alloy solidified at the high cooling rate of 3.5 K/s. More importantly, the
binary eutectic (θ-Al13Fe4 + α-Al) in the Al-4Fe-0.5Zr alloy was obviously refined compared
to that in Al-4Fe alloy.
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Figure 2. The scanning electron microscopy (SEM) images showing (a) the star-like primary
θ-Al13Fe4 particles and coarse needle-/plate-like θ-Al13Fe4 in binary eutectic (θ-Al13Fe4 + α-Al)
in Al-4Fe alloy, (b) the refined primary θ-Al13Fe4 particles and some Zr-rich particles with cubic or
needle-like morphologies with refined binary eutectic (θ-Al13Fe4 + α-Al) in Al-4Fe-0.5Zr alloy, and
(c) 3-dimensional (3D) morphology of the primary Al3Zr attached with the primary θ-Al13Fe4 in
Al-4Fe-0.5Zr alloy.

Table 3. The SEM-EDS of different types of intermetallic compounds in studied alloys.

Alloys Primary IMCs
Average Composition (at.%) Formula Related

to CompositionAl Fe V Fe + V Zr

Al-4Fe Al13Fe4 (only) 74.75 ± 0.05 25.25 ± 0.01 - - - Al13Fe4

Al-4Fe-0.5Zr Al13Fe4 (dominated) 75.14 ± 0.04 24.86 ± 0.01 - - Al13Fe4

Al-4Fe-0.1V Al13Fe4 (major, brighter) 77.92 ± 0.05 21.91 ± 0.02 0.16 ± 0.01 22.07 - Al13Fe4

Al-4Fe-0.1V Al13Fe4 (major, brighter) 77.87 ± 0.05 21.79 ± 0.02 0.35 ± 0.01 22.14 - Al13Fe4

Al-4Fe-0.1V (minor, grey) 81 ± 0.06 14.58 ± 0.02 4.42 ± 0.01 19 - V-doped Al6Fe

Al-4Fe-0.5V Al13Fe4 (minor, brighter) 75.23 ± 0.04 23.69 ± 0.02 1.08 ± 0.01 24.77 - V-doped θ-Al13Fe4

Al-4Fe-0.5V (major, grey) 81.49 ± 0.04 13.83 ± 0.02 4.68 ± 0.02 18.51 - V-doped Al6Fe

Al-4Fe-0.5V (few, middle darker) 81.59 ± 0.05 13.2 ± 0.02 5.21 ± 0.02 18.41 - V-doped Al9Fe2
Al-4Fe-0.5V (few, most darker) 85.5 ± 0.04 5.95 ± 0.02 8.55 ± 0.02 14.5 Fe-doped Al23V4

Note: - in the table means non-detectable.

To understand the refinement mechanism of the Zr addition on the θ-Al13Fe4 particles
(primary and eutectic), the Al-4Fe-0.5Zr alloy was solidified at a very slow cooling rate,
0.02 K/s. The examination results are shown in Figure 3. Figure 3a shows that the primary
θ particles (grey) are more compact and exhibit fewer twins and branches when solidified
at 0.02 K/s compared to those solidified at a higher cooling rate of 3.5 K/s. The primary
zirconium-rich phase (brighter) exhibits a needle- or plate-like morphology when solidified
at 0.02 K/s, which is distinct from the cubic morphology observed at the faster cooling
rate of 3.5 K/s. Moreover, the number density of the primary Al3Zr is much higher than
that of the primary θ-Al13Fe4. It also demonstrates that there is at least one Al3Zr particle
is engulfed in the primary θ-Al13Fe4 particle. The further XRD investigation (Figure 3c)
shows that the phases in the Al-4Fe-0.5Zr alloy solidified at 3.5 K/s are α-Al and θ-Al13Fe4
(C2/m (12); monoclinic [31]) and Al3Zr DO23, respectively.

3.2. The Effects of V Addition on the Formation of θ-Al13Fe4

The effects of vanadium on the primary Fe-IMCs in Al-4Fe alloys with different
amounts of vanadium solidified at 3.5 K/s were displayed in Figures 4 and 5. Each primary
intermetallic compound was identified based on observed morphology, along with SEM-
EDS and XRD analyses (Figure 6). The typical integrity ten-fold pure θ-Al13Fe4 phase
was observed in Al-4Fe alloy, as shown in Figures 4a and 5a. The 3-dimensional (3D)
morphology of θ-Al13Fe4 particles was presented in Figure 5b, showing a long needle and
the ten-fold symmetry viewed along the cross section.
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Figure 4. The OM images showing the morphology transition of the primary Fe-bearing intermetal-
lic compounds (IMCs) in Al-4Fe alloys with different amounts of vanadium (V) solidified at 3.5 K/s. 
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Figure 3. (a) The SEM image showing primary Al3Zr (brighter) engulfed with the primary θ-Al13Fe4

(grey) in Al-4Fe alloy-0.5Zr solidified at 0.02 K/s, and (b,c) the X-ray diffraction (XRD) identified the
major phases in (b) Al-4Fe and (c) Al-4Fe-0.5Zr containing α-Al, Al3Zr and θ-Al13Fe4.
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Figure 4. The OM images showing the morphology transition of the primary Fe-bearing intermetallic
compounds (IMCs) in Al-4Fe alloys with different amounts of vanadium (V) solidified at 3.5 K/s.
(a) 0% addition, (b) 0.1% addition of V with refined needled-like Fe-IMC, and (c) 0.5% addition of V
with multiple types of Fe-IMCs with different morphologies.
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Figure 5. SEM-BSD images showing the morphology transition with different amounts of V in
Al-4Fe alloys solidified at 3.5 K/s: (a) star-like (ten-folder) primary θ-Al13Fe4 (bright) in Al-4Fe alloy;
(b) two types of intermetallic compounds including star-like primary θ-Al13Fe4 (bright) and some
short hollowed needle-like compound Al6Fe (grey) in Al-4Fe-0.1V alloy; (c) three types of IMCs
including star-needle-like θ-phase (bright), short hollowed needle-like compound Al6Fe (grey) and
Al9Fe2 (grey), and Al23V4 (dark) compound in Al-4Fe-0.5V alloy, and 3D morphologies of IMCs
shown in (a–c); (d) the needle-star-like θ-Al13Fe4 in Al-4Fe alloy; (e) the needle-star-like θ-Al13Fe4 and
the short needle-like compound Al6Fe in Al-4Fe-0.1V alloy; (f) mixed needle-star-like θ-Al13Fe4, the
short needle-like compound Al6Fe and plate-like Al9Fe2 and needle-like Al23V4 in Al-4Fe-0.5V alloy.

Figure 4b shows that, despite the minor addition of V (0.1%), the morphology of IMCs
changed. Figures 4b and 5b,e demonstrate that in the Al-4Fe-0.1V alloy solidified at 3.5 K/s,
a new type of primary IMCs with a needle-like morphology is formed, in contrast to the
single star-like IMC shown in Figure 4a. The compound with star-like morphology was
identified as pure θ-Al13Fe4 (Figure 4a), without incorporation with the other impurities in
the Al-4Fe alloy. The SEM-EDS (Table 3) confirms that the compositions of these star-like
IMC in the Al-4Fe-0.1V alloy are similar to those of the pure θ-phase, with a small amount
V doping (~0.35 at.%). The average size of these star-like modified θ-phase particles was
measured as 92.2 ± 13.8 µm. The number density was significantly reduced, with only
a few modified θ-phase particles observed in this sample. It should be noted that the
symmetry of the modified θ-Al13Fe4 particles in Al-4Fe-0.1V (Figure 5b) has been changed.
It is difficult to observe the integrity of the ten-fold stars of θ-Al13Fe4. The majority of the
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modified θ particles typically exhibit preferentially grown branches, although some have
much shorter branches. The other type of intermetallic compound with hollowed needle-
like instead of star-like morphology appears and becomes the dominated primary IMC.
This type of IMC was identified as Al6Fe with doping of V. The morphology of Al6Fe(V) is
similar to that of the Al6(Fe,Mn), which has a hollowed needle-like morphology [32]. These
particles contain a significantly higher vanadium concentration (~4.42 at.%) compared to
the modified θ-phase particles. However, Fe remains to be the major alloying element in
these compounds. Figure 5e shows that the vanadium-modified Al6Fe are shorter than the
vanadium-modified θ-Al13Fe4.
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Figures 4c and 5c,f reveal the as-cast microstructure of Al-4Fe-0.5V, which contains
much more complex primary phase selection. Four types of intermetallic compounds
with different morphologies can be observed as primary phases. A few star-like modified
θ-Al13Fe4 (long needles) with approximately 1.08 at.% vanadium doping, a majority of hol-
lowed hexagonal Al6Fe needles (shorter) with approximately 4.68 at.% vanadium doping,
plate-like Al9Fe2 particles (large plates) with approximately 5.21 at.% vanadium doping
and smaller needles of Al23V4 with approximately 5.95 at.% Fe doping can be observed.

The modified θ-Al13Fe4 and Al23V4 can easily be defined from the microstructure due
to their typical morphology (star-like θ) and brightness (darkest of Al23V4 under SEM). The
modified Al6Fe and Al9Fe2 have very similar brightness under SEM due to their very close
compositions (Table 3). However, they have very different morphologies. Al6Fe has the
very typical hollowed hexagonal needle-like morphology, and the Al9Fe2 is less regular
and more like the plate-like morphology (Figure 5c,f).

The XRD result from the Tp-1 sample of Al-4Fe-0.5V is displayed in Figure 6. Four different
types of IMCs in this sample including Al6Fe, Al9Fe2, Al23V4 and θ-Al13Fe4 were identified
in order of the detected volume fraction, from high to low. Compared to the single
compound (θ-Al13Fe4) shown in Figure 3b, the phase selection in this alloy is much more
complicated. It also shows that the volume fraction of θ-Al13Fe4 decreased significantly
compared to in the Al-4Fe alloy.

3.3. The Effects of Zr and V Addition on the Grain Refinement of α-Al

The effects of the 0.5% Zr and 0.5% V addition on the grain refinement of Al-4Fe alloy
are investigated and compared to that of the addition of the commercial Al-5Ti-1B grain
refiner. The results are shown in Figure 7. The average grain size was measured and the
results are listed in Table 2. They show that the addition of 0.5 wt.% Zr refined the α-Al
grain size from 435.2 ± 40.8 µm (without addition) to 63.1 ± 2.8 µm. However, the grain
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size of Al-4Fe alloy with the addition of 0.5% Al-5Ti-1B grain refiner is only 153 ± 3.1 µm.
Addition of 0.5% V did not refine the α-Al but refined the secondary dendritic arm spacing
from 12.8 ± 0.2 µm to 9.02 ± 2.1 µm.
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Figure 7. The optical microscope images of the anodized sample observed under the polarized light
comparing the difference in grain refinement of α-Al in alloys solidified at 3.5 K/s: (a) Al-4Fe alloy,
(b) Al-4Fe-0.5Zr, (c) Al-4Fe-0.5V and (d) Al-4Fe + 0.5 wt.% Al-5Ti-1B.

Further examination of the anodized samples of Al-4Fe and Al-4Fe-0.5Zr alloys so-
lidified at 3.5 K/s is displayed in Figure 8. Figure 8a shows that the large-size primary
θ-Al13Fe4 particles were engulfed within the α-Al grains. However, it is often observed
that multiple primary θ-Al13Fe4 particles are found within a single α-Al grain, or that one
θ-Al13Fe4 particle can span across several α-Al grains.
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Figure 8. The optical microscope images of the anodized sample observed under the polarized
light showing the engulfed particles in α-Al grains in alloys solidified at 3.5 K/s: (a) Al-4Fe alloy,
(b) Al-4Fe-0.5Zr showing the Al3Zr (in green dotted circles) sitting inside the α-Al rosettes, and
(c) the high magnification image of (b) showing the centered Al3Zr in α-Al grains.

Figure 8b shows that the cubic Al3Zr particles in the Al-4Fe-0.5Zr alloys are frequently
observed at the center of the α-Al grains. It shows that the Al3Zr particles exhibit a square



Crystals 2024, 14, 879 10 of 17

morphology with four-fold symmetry after anodizing and are typically located within
small α-Al rosettes. The majority of primary θ-Al13Fe4 particles extend across several α-Al
rosettes. Only a few small-sized primary θ-Al13Fe4 particles can be observed that fully
engulfed in one α-Al grain. The cubic Al3Zr particles associated with the primary θ-Al13Fe4
particles can also be observed in Figure 8c.

The variation in the measured average sizes of θ-Al13Fe4 and α-Al in the Al-4Fe with
different Zr additions is presented in Figure 9. It shows that the size of both θ-Al13Fe4 and
α-Al decreased with the increasing addition of Zr. The refinement of both phases reaches a
maximum with addition of 0.6 wt.% of Zr in the Al-4Fe alloy.
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Figure 9. The variation in the measured size of θ-Al13Fe4 and α-Al with the addition of Zr in
Al-4Fe alloy.

3.4. Formation Energies of V/Zr Solution in θ-Al13Fe4

To further investigate the doping capabilities of the alloying elements of Zr and V
in the θ-Al13Fe4 crystal, the first-principle calculation was conducted. To have a measure
of the relative stability of one M (=V or Zr) atom doped at one Fe or Al site in Al13Fe4
with respect to the parent intermetallic compound and the solute energy of V, Fe or Zr in
the α-Al matrix, the formation energy per cell for impurity doping in the compounds is
given by:

∆Edop(Al13(Fe1−xMx)4) = E{Al13(Fe1−xMx)4} − {E(Al13Fe4) + 4x[E(M) − E(Fe)]} (1a)

∆Edop((Al1−xMx)13Fe4) = E{(Al1−xMx)13Fe4} − {E(Al13Fe4) + 13x[E(M) − E(Al)]} (1b)

The unit of the formation energy is eV/cell. At the temperature T = 0 K and the
pressure p = 0 Pa, the enthalpy difference is equal to the energy difference, ∆H = ∆E, when
the zero-point vibration contribution is ignored.

A. V or Zr doping at the Fe sites in θ-Al13Fe4

The alloying elements doping into the θ-Al13Fe4 phase have two possibilities: so-
lute at the Al sites or at the Fe sites. These two possibilities were carefully investigated,
and the results are presented in Tables 4 and 5, respectively. Table 4 shows the calcu-
lated solute energies for V or Zr doping at the Fe sites in θ-Al13Fe4 with respect to the
parental θ-Al13Fe4 and the V/Zr solute in the Al matrix, with ∆Edop(eV/cell) according to
Equation (1a). This shows that the formation energies for both V and Zr doping at the Fe
sites in θ-Al13Fe4 (>1.3 eV) are high. The lowest energy costs for both V and Zr are the Fe5
sites (Wyckoff 8j sites) (Table 4). Doping a V atom at the Fe5 sites costs less than doping
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a Zr atom at the same Fe site. The lowest energy cost is 1.33 eV for one V at Fe5, while it
costs 3.04 eV for a Zr atom. Overall, the high energy costs associated with of doping of V
or Zr at the Fe site indicate suggest that such doping is unlike to occur, even at the casting
temperature (800 ◦C).

Table 4. Calculated solute energies for V or Zr doping at the Fe sites in θ-Al13Fe4 with respect to the
parental θ-Al13Fe4 and the V/Zr solute in the Al matrix, ∆Edop (eV/cell) according to Equation (1a).
The unit of the formation energies is eV/unit-cell.

∆Ef1/∆Ef2 Fe1 Site, 4i Fe2 Site, 4i Fe3 Site, 4i Fe4 Site, 4i Fe5 Site, 8j

1 V 1.68 1.72 1.50 1.57 1.33

1 Zr 3.33 3.47 3.45 3.35 3.04

Table 5. Calculated solute energies for V or Zr doping at the 15 Al sites in θ-Al13Fe4 with respect to the
parental θ-Al13Fe4 and the V/Zr solute in the Al matrix, ∆Edop (eV/cell) according to Equation (1b).
The unit of the formation energies is eV/unit-cell. The bold/italics numbers represent the lowest
energy and the next to the lowest energy for the V/Zr doping at the Al sites, respectively.

Site, Wyckoff ∆Ef(V) eV/cell ∆Ef(Zr) eV/cell Remarks

Al1, 4i 1.65 1.81 -Fe(×3)

Al2, 4i 2.13 1.37 -Fe(×2)

Al3, 4i 0.60 0.68 -Fe(×2)

Al4, 4i 0.76 1.72 -Fe(×4)

Al5, 4i 0.48 0.81 -Fe(×2)

Al6, 4i 1.59 2.10 -Fe(×3)

Al7, 2d 1.63 2.21 -Fe(×2)

Al8, 4i 0.76 1.55 -Fe(×3)

Al9, 4i 0.76 2.14 -Fe(×3)

Al10, 8j 1.36 1.75 -Fe(×3)

Al11, 8j 1.37 1.80 -Fe(×3)

Al12, 8j 1.23 1.48 -Fe(×3)

Al13, 8j 1.17 1.45 -Fe(×3)

Al14, 8j 1.34 1.99 -Fe(×2)

Al15, 4g 1.26 1.69 -Fe(×4)

B. V or Zr doping at the Al sites in θ-Al13Fe4

The solute energies for V or Zr doping at the 15 (Wyckoff) Al sites in θ-Al13Fe4 were
calculated. The doping energy, ∆Edop (eV/cell), is calculated according to Equation (1b).
The results are shown in Table 5. It shows that the lowest energy cost is one Zr at the
Al3 site and one V at Al5, respectively. In fact, doping a Zr or V at these two Al sites
costs the lowest or second lowest energies as shown in Table 5. In θ-Al13Fe4, both Al3 and
Al5 atoms have two Fe neighbors, indicating that both doped V and Zr atoms prefer less
Fe neighbors. With respect to the binary θ-Al13Fe4 and elemental solid V, the formation
energies range from 0.48 eV/cell to 2.13 eV for one V at an Al site, and 0.68 eV to 2.21 eV
for one Zr at an Al site. Table 5 shows that energy cost to dope one V at the Al5 site is lower
than that for one Zr at the Al3 sites. Doping both vanadium and zirconium at the Al sites
incurs significantly lower energy costs compared to doping at the Fe sites. Although the
doping energy of vanadium in the Al5 sites is relatively low, it remains positive, indicating
that doping is challenging under ambient conditions, as the first-principle calculations
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were performed at 0 K. To better understand the experimental results, the thermodynamic
analysis is carried based on the above first-principle calculation.

C. Thermodynamic Analysis

The formation temperature of primary θ-Al13Fe4 in the Al-4Fe alloy was calculated to
be 745 ◦C using the Scheil model. It is reported that the nucleation of Fe-IMCs is difficult
and requires large nucleation undercooling [13]. The nucleation undercooling of θ-Al13Fe4
is approximately ~10 K [33]. Therefore, the thermodynamic calculation in this section will
be taken at 1000 K (737 ◦C). Configuration entropy contribution enables a certain content of
impurities into the lowest energy-cost sites, e.g., V at the Al5 and Zr at the Al3 sites. Here,
we estimate the amounts of V/Zr impurities at the related sites according to the Gibbs
energy (∆G) relation:

∆G = ∆H − T ∆S (2)

Here, ∆H is the reaction enthalpy, T the temperature and ∆S = R lnW is the configura-
tional entropy with R being the Boltzmann constant, the W the number of configurations of
the same formation enthalpy. Thus, we may get W = exp(∆H/RT) with ∆G = 0.

For one V at the Al5 (4i) sites, ∆H = ∆E = 0.475 eV, which gives W = 248 at 1000 K. Using
a random distribution model for one V at the Al5 (4i) sites, we obtained V concentration
x = 0.12% in the formula θ-(Al1−xVx)13Fe4. In other words, there are approximately 0.1%
of Al atoms can be doped by V in θ-(Al1−xVx)13Fe4.

Using the same equation for Zr doping at the Al3 sites with ∆H = 0.676 eV gives
W = 2552. Correspondingly, we obtain x = 0.012% in the formula θ-(Al1−xZrx)13Fe4, which
is approximately one order of magnitude less than the V doping. This result indicates
limited possibilities for V doping in θ-Al13Fe4 based, but almost no possibility for Zr doping
in θ-Al13Fe4.

4. Discussion
4.1. Composition, Structure and Morphology Variation in θ-Al13Fe4 Caused by Zr and V

The current experimental results demonstrated that zirconium cannot be incorporated
into θ-Al13Fe4, and Fe cannot be incorporated into Al3Zr, even in the Al-4Fe alloy with
addition of Zr up to 0.5 wt.%. First-principle calculation also indicated high energy costs
for Zr doping at both the Fe sites and the Al sites in θ-Al13Fe4. θ-Al13Fe4 has the monoclinic
crystal structure with space group, C 1 2/m. For the pure θ-Al13Fe4 particles, it is common
to observe the ten-fold branches, as shown in Figure 5a, when solidified at a fast cooling
rate, e.g., 3.5 K/s. However, when solidified at slow cooling rate such as 0.02 K/s, it is less
likely to see the ten-fold twinning branches.

Further, the addition of different compositions can affect the morphology of θ-Al13Fe4,
resulting in a reduced number of branches, particularly the twinning branches. A previous
study [34] reported that in the Al-4Fe-4Si alloy, only up to six-fold twinning branches can
be observed in θ-Al13Fe4 particles with Si incorporation. In this study, with the addition of
0.5 wt.% Zr, some small primary θ-Al13Fe4 particles exhibited no branches at all, as these
particles did not have enough time to grow.

Our experimental observations revealed that vanadium can be incorporated into
θ-Al13Fe4, slightly modifying its morphology in the Al-4Fe alloy, even with minor addition
of vanadium (0.1 wt.%). In return, Fe can also be incorporated into V compounds (Table 3).
The addition of varying vanadium content significantly reduced the volume fraction of
the primary θ-Al13Fe4 phase (Figure 4), leading to the formation of other iron-rich and
vanadium-rich compounds that became the dominant primary intermetallic compounds in
Al-4Fe alloys. The introduction of a small amount of vanadium doping in the θ-Al13Fe4
phase resulted in the suppression of certain twinning branches (Figure 5b). This phe-
nomenon may be linked to the occupation of atomic positions by vanadium within the
θ-Al13Fe4 crystal structure.

The mechanisms behind the differing experimental results of 3d and 4d transition metal
doping (specifically Zr and V) in θ-Al13Fe4 have been investigated using first-principle
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calculations (Tables 4 and 5). It has been demonstrated that doping V or Zr at the Fe sites
in θ-Al13Fe4 incurs a high energy cost. The first-principle study also revealed that doping
V at one of the Wyckoff Al 4i sites costs approximately 0.48 eV (at 0 K), which is notably
lower than the energy cost associated with doping V at the Fe sites. Such a low energy cost
suggests that a minor amount of V (approximately 0.1 at.%) can be effectively doped into
θ-Al13Fe4 at the casting temperature (800 ◦C). The phase diagram calculation in Figure 10
showed that the AlV phases are the more stable primary phase compared to θ-Al13Fe4. The
phase diagram of Al-4Fe-xV alloys and the solidification curve of Al-4Fe-0.5V alloy were
calculated and shown in Figure 10a and Figure 10b, respectively. A solidification sequence
as: θ-Al13M4, (θ +Al3V), (θ + Al23V4), (Al23V4 +Al7V), and (Al13M4 + α-Al) was predicted.
The doping of V in various types of Fe-IMCs might change the nucleation potency and
the difficulties associated with nucleation. Therefore, during the non-equilibrium casting
process in this study, multiple types of Fe-IMCs such as θ-Al13Fe4, Al6Fe and Al9Fe2, can
be co-selected at different solidification stages before the α-Al is solidified. Once the Fe-
based intermetallic compounds (IMCs) are solidified, the consumption of vanadium (V)
in these compounds altered the concentration of V in the melt. This change subsequently
affected the formation behavior of the vanadium-based intermetallic compounds (V-IMCs).
Therefore, only one type of V-IMC (Al23V4) was solidified in Al-4Fe-0.5V in this study.
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However, the formation of the primary phases is dependent on multiple factors such as
alloy compositions, heterogeneous nucleation and the phase stability. Therefore, the phase
competition among various primary IMCs, including θ-Al13Fe4, Al6Fe, Al9Fe2, Al23V4 in
the studied Al-4Fe-xV, can be explained. This mechanism can also be applied to explain the
formation of the mixed primary θ-Al13Fe4, Zr-rich compounds in Al-4Fe-0.5Zr alloys.

The general understanding is that doping 3d transition metals, such as Cr, Mn, Co,
Ni, into Al13M4 phase involves replacing Fe atoms [16,17]. This study reveals for the first
time that certain 3d transition metals, such as vanadium (V), can dope into the Al13M4
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phase by replacing aluminum (Al) atoms at a specific site (Al5). This may be attributed to
difference in electronic configurations: V, being an early transition metal, contains three
3d electrons (the electronic configuration [Ar] 3d3 4s2), which is much lower than that
of the later 3d transition metal Fe, which contains six 3d electrons with the electronic
configuration [Ar] 3d6 4s2. Previous investigations showed that the early transition metals,
such as Sc, Ti, V, as well as the 4d element Zr prefer for forming Al3T-type phases, the
structures of which exhibit face-centered cubic-based coordination [35]. Meanwhile the
later 3d transition metals, such as Fe, Ni, and Co, react with Al to form more complex
structures, such as θ-Al13M4 type, which exhibit a rich variety of local coordination [36,37].
The large differences in the number of d-electrons cause high energy costs to replace Fe
by V in the θ-Al13Fe4 structure. Similarly, the early transition 4d element Zr has a much
different electronic configuration ([Kr] 4d2 5s2), which means high energy costs for Zr to
replace iron in the complex θ-Al13Fe4 structure).

4.2. Mechanism of the Refinement of α-Al and θ-Al13Fe4 by Addition of 0.5 wt.% Zr

The as-cast microstructure shown in Figures 1 and 7 demonstrated that the addition of
0.5 wt.% Zr to the Al-4Fe alloy not only significantly refined the primary θ-Al13Fe4, but also
greatly reduced the size of the α-Al grains. According to current understandings on the
heterogeneous nucleation, all the of solid surfaces, including the casting mold in contact
with the alloy melt, can serve as nucleation substrates with varying degrees of potency. The
potential solid particles in the melt before the solidification of α-Al include pre-existing
inclusions such as oxides, carbides, and nitrides, as well as newly solidified Al3Zr, other
types of non-equilibrium primary Zr-rich IMCs and primary θ-Al13Fe4.

The phase diagram calculation shown in Figure 10a and Figure 10c indicates that the
Al3Zr will be solidified in advance of θ-Al13Fe4. The solidification sequence of Al-4Fe-0.5Zr
alloy is: Al3Zr, (Al3Zr+ θ-Al13Fe4), and (θ-Al13Fe4 + α-Al). It is reported [38] that in the
Mg-free aluminum alloys, native inclusions such as Al2O3 and AlN have been examined.
These particles could serve as the potential nucleation substrate for Al3Zr compounds.
Thereafter, the potential nucleation substrates for primary θ-Al13Fe4 could be the native
inclusions and the Al-Zr compounds.

In this study, the experimental results clearly demonstrated that the addition of
0.5 wt.% Zr in Al-4Fe alloy significantly refined the primary θ-Al13Fe4 and increased its
number density. Therefore, there are two possible mechanisms for the refinement of θ-
Al13Fe4 resulting from the addition of Zr in the Al-4Fe alloy. One possibility is that the
nucleation potency of native inclusions, such as Al2O3 particles, was enhanced from be-
ing ineffective for the nucleation of θ-Al13Fe4 due to the interfacial segregation of Zr. It
is reported that the interfacial conditions such as structural templating or composition
templating of nucleation substrates can be modified by the constitute alloy elements [39].
Therefore, the nucleation potency of the substrates could be changed from impotent to
potent, such as the 2-dimensional compound Al3Ti formation on (0 0 0 1) surface of TiB2
particles in Al-5Ti-1B master alloy, which reduced the misfit between Al/TiB2 from 4.2%
to 0.09% [39]. The other possibility is that primary Al-Zr particles, which formed earlier
at higher temperature, acted as nucleation substrates for the θ-Al13Fe4. Further experi-
mental results indicated that the Al-Zr compounds associated with θ-Al13Fe4 support the
second possibility.

Before the formation of the α-Al grains, the solid particles in the melt included various
pre-existing inclusions, as well as the solidified Zr-rich IMCs and θ-Al13Fe4. Due to the
size effects on the heterogeneous nucleation [40], larger particles have a higher potency
for promoting grain refinement. Therefore, the solidified Zr-rich IMCs and θ-Al13Fe4 have
a greater chance of nucleating the following α-Al. Thus, the competition between these
two types of large particles for the grain refinement of α-Al grains will be discussed here.
The experimental results (Figures 7 and 8) demonstrated that the majority of α-Al grains
were observed to contain Al3Zr particles. Some primary θ-Al13Fe4 were observed to be
engulfed within a few α-Al grains, while the majority were found lying across several α-Al
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grains. Although the possibility of the α-Al nucleated heterogeneously on the θ-Al13Fe4
cannot be excluded, the grain refinement of the α-Al grains is primarily attributed to the
Al3Zr particles formed in the Al-4Fe-0.5Zr alloy.

5. Conclusions

(1) Zirconium cannot be doped into θ-Al13Fe4, nor can Fe be incorporated into Al3Zr, in
the Al-4Fe alloy with up to 0.5 wt.% addition of Zr in this study. In contrast, vanadium
can be doped into θ-Al13Fe4, slightly modifying its morphology with a minor addition
of 0.1 wt.%V. As the concentration of V increases, θ-Al13Fe4 becomes unstable, leading
to the formation of other types of Al-Fe-V phases.

(2) With an addition of 0.5 wt.% Zr, the average size of θ-Al13Fe4 in Al-4Fe alloys was
refined from 120.3 ± 13.2 µm to 22.5 ± 0.9 µm, while the number density of θ-Al13Fe4
in Al-4Fe alloys was increased from 39.5 ± 2.4 mm−2 to 194.4 ± 32.5 mm−2.

(3) With an addition of 0.5 wt.% Zr, the grain size of α-Al in Al-4Fe alloys was reduced
from 435.2 ± 40.8 µm to 63.1 ± 2.8 µm.

(4) The cuboidal Al3Zr phase, which is engulfed within the α-Al grain, contributes to the
grain refinement of both α-Al and θ-Al13Fe4.

(5) The binary eutectic θ-Al13Fe4 + α-Al was refined in the Al-4Fe-0.5Zr alloy due to a
modified solidification sequence.

(6) The lowest formation energy for V doping in θ-Al13Fe4 occurs when it occupies the
Al5 sites, rather than any Fe site. In contrast, the formation energies of Zr occupying
both the Al and Fe sites are relatively high when doping into θ-Al13Fe4.
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