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Abstract: The present work aims to boost our understanding of factors governing the grain-refining
efficiency of inoculation treatments by comparing the grain-refining efficiencies of two inoculators:
Ti nanoparticles and LaB6 nanoparticles, in a 2024 Al alloy during additive manufacturing (AM).
Experimental results obtained by scanning electron microscopy show that the LaB6 nanoparticle
possessed almost no refining effect on the alloy, with the addition content ranging from 0.5 wt.%
to 2 wt.%. Conversely, the Ti nanoparticle resulted in a more pronounced refinement and a fine,
fully equiaxed microstructure at 1 wt.% Ti addition. Based on transmission electron microscopy
analysis, the higher refining efficiency of Ti inoculation was ascribed to the incorporation of both Ti
solute and the in situ-formed L12-Al3Ti nucleation particles. The former significantly increased the
overall undercooling ahead of the growing Al grain, which ensured the activation of heterogeneous
nucleation on the L12-Al3Ti nanoparticles, leading to grain refinement. This work highlights that
despite the addition of nucleation particles, the incorporation of appropriate solutes to generate
sufficient undercooling is the prerequisite for the activation of heterogenous nucleation in AM.

Keywords: additive manufacturing; aluminum alloys; grain refinement; EBSD; TEM

1. Introduction

Additive manufacturing (AM), such as selective laser melting (SLM) and direct en-
ergy deposition (DED), has emerged as a transformative technology in the production of
advanced engineering metallic materials by offering rapid fabrication with high design
freedom for part complexity [1]. However, the bottleneck problem of this frontier technique
is the high tendency to form large, textured, columnar structures within the components
fabricated by AM. This is attributed to the extremely large thermal gradient and the high
cooling rate during AM solidification, which favor epitaxial grain growth [2,3]. In addition,
partial remelting of the previous layer is involved during the successive layer-wise fabrica-
tion. The grains in the new layer tend to nucleate and grow epitaxially from the previous
layer due to the low nucleation barrier, forming extensive columnar grains that span over
multiple layers [4–6]. Such columnar structures not only cause significant anisotropy in the
mechanical properties but also increased hot-cracking susceptibility under the high ther-
mal shock during AM [7,8]. In comparison, a homogeneous and equiaxed microstructure
is known not only to provide isotropic and improved mechanical properties but also to
more readily accommodate strain, reducing hot-cracking [9,10]. Thus, converting colum-
nar grains into fine, equiaxed grains has been perceived as a key strategy to solve the
above-mentioned issues associated with AM processing.

In recent years, a wisdom originating from conventional casting practice, the so-called
inoculation treatment, has been adopted in metal AM to achieve grain refinement [11,12].
The principle is to introduce a small amount of potent nucleant particles (externally added
or formed in situ) into the melt to promote heterogeneous nucleation, achieving fine,
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equiaxed grains. So far, the adaption of inoculation treatment has produced encouraging
results in the AM of aluminum (Al) alloys [13–17]. Some of the inoculants (or grain refiners)
developed in cast Al alloys, such as TiB2 and hexaborides (e.g., LaB6, CeB6, and CaB6),
have been successfully adopted in AM to refine Al alloys [14,15,18–20]. In addition, new
inoculants, such as the L12-Al3X (X = Zr, Ti, Sc, Hf, or Ta) formers, have also been developed
specifically for the rapid solidification conditions in AM [16,21,22]. These grain refiners
not only improved the AM processability of a number of commercialized high-strength Al
alloys (e.g., 2xxx, 6xxx, and 7xxx series Al alloys) but also helped to develop novel Al alloys
and Al-based composites specifically suitable for AM processing to satisfy the ever-growing
demand for weight reduction in the automobile and aerospace industries [17,23–25].

While a number of inoculants have been demonstrated to refine Al alloys during AM,
their grain-refining efficiencies can vary significantly. For example, Liu et al. [26] reported
the achievement of grain refinement in an AM-fabricated 7075 alloy after inoculation with
TiC or TiH2 nanoparticles. However, to achieve a complete columnar-to-equiaxed transition
(CET) and a fully equiaxed microstructure in the alloy, the minimum required content
of TiC (2 wt.%) was much higher than that of TiH2 (0.8 wt.%), indicating a much higher
efficiency of TiH2 in refining Al upon AM. From the industrial application perspective, it
is generally preferred to achieve complete CET at a minimized inoculation content so as
to reduce cost and avoid inclusion. Hence, it is intriguing to investigate and understand
the factors controlling the grain-refining efficiency of an inoculant and therefore to further
reveal the grain-refining mechanisms at work during rapid AM solidification.

In metal casting, it is generally agreed that the efficiency of a grain refiner is predom-
inantly determined by the atomic matching (or lattice disregistry, δ) between the grain
refiner and the matrix crystal, which governs the interfacial energy between these two crys-
tals [27,28]. A smaller atomic mismatch is associated with a higher refining efficiency. In
addition to the interatomic matching, other factors such as the thermal stability, the distribu-
tion and formation incubation of the corresponding nucleant particle, and the solute effect
provided by the inoculant can also significantly influence the refining efficiency [29–31].
Specifically, the incorporation of growth-restrictive solutes to promote heterogeneous nucle-
ation via generating constitutional supercooling (CS) has long been considered an effective
method to refine cast metals [11,12,32]. However, there exists a scarcity of research on
the influence of solutes on the refining efficiency of inoculators in metal AM. The present
work aims to deepen our understanding in this area by comparing the efficiency of two
inoculants, LaB6 and Ti, in refining Al during AM. The former is a typical externally added
nucleant for Al refinement [15,33], whereas the latter is a typical L12-Al3X former during
AM of Al alloys (i.e., addition of Ti leads to the in situ formation of L12-Al3Ti nucleant
particles) [16,34]. Both LaB6 and L12-Al3Ti have been verified as effective nucleants to
nucleate Al due to their extremely low δ with Al [15,16]. Furthermore, Ti is known as a
growth-restrictive solute element in Al, effectively leading to grain refinement [11,30]. The
2024 Al alloy, a typical high-strength aeronautic Al alloy but with low AM processability,
was selected as a demonstration platform for this work.

2. Experimental Methods
2.1. Powder Feedstock Preparation

Commercially gas-atomized 2024 Al alloy powder (size: 20–63 µm, composition:
3.70 wt.% Cu, 1.21 wt.% Mg, 0.40 wt.% Mn, 0.09 wt.% Si, 0.15 wt.% Fe, and the balance
Al), sourced from LPW Technology, was used as the raw powder. Highly pure (99.9%)
LaB6 nanoparticles (ALB Materials Inc., Henderson, NV, USA), with an average size of
80 nm, and Ti nanoparticles (purity of 99%, SkySpring Nanomaterials Inc., Houston, TX,
USA), with an average size of 60 nm, were used as the inoculants. Alloy powder feedstocks
were prepared by mixing the 2024 alloy powder with the inoculant nanoparticles at three
different inoculation content levels, i.e., 0.5 wt.%, 1 wt.%, and 2 wt.%, using the previously
invented vibrative agitation method [15]. Figure 1 shows the morphologies of the nucleant
nanoparticles, the 2024 alloy, and the inoculated 2024 alloy powders, examined using



Metals 2023, 13, 1490 3 of 15

scanning electron microscopy (SEM). Despite the presence of a few agglomerations, the
majority of the nanoparticles were uniformly dispersed on the surfaces of the 2024 alloy
powder particles after the vibrative agitation.
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Figure 1. SEM images of (a) LaB6 nanoparticles, (b) 2024 Al alloy powder particles, (c) Ti nanoparti-
cles, (f–i) typical single-, (d–f) LaB6-inoculated-, and (g–i) Ti-inoculated 2024 alloy powder particles
with different inoculation contents of (d,g) 0.5 wt.%, (e,h) 1 wt.%, and (f,i) 2 wt.%, with arrows in
(d–i) indicating the nanoparticles.

2.2. AM Processing

Both the 2024 Al alloy and the inoculated 2024 alloys (termed as 2024, 2024-0.5LaB6,
2024-1LaB6, 2024-2LaB6, 2024-0.5Ti, 2024-1Ti, and 2024-2Ti) were fabricated using an
SLM125HL powder bed fusion system (SLM Solutions Group AG), with a laser spot
diameter of 80 µm. Then, 10 mm × 10 mm × 10 mm cubic samples were built onto a pure
Al platform preheated to 200 ◦C with the processing parameters listed in Table 1. Note that
this processing parameter set was optimized for 2024 Al alloy as per our previous work [4].
Although the inoculated alloy may possess a different optimized parameter set due to the
compositional difference, the same processing parameter set was used herein to ensure the
consistency of the melting condition. For each alloy, at least three samples were fabricated
to ensure the reproducibility of microstructural characterization.

Table 1. Optimized AM processing parameters.

Process Parameter Value/Pattern

Laser power 375 W
Scanning speed 1200 mm/s

Hatching spacing 130 µm
Layer thickness 30 µm

Preheating temperature 200 ◦C
Rotation angle between adjacent layers 67◦

Scanning strategy Zigzag scan pattern
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2.3. Microstructural Characterization

A Reichert-Jung POLYVAR MET optical microscope was employed to examine the
densification of the AM-fabricated alloys. The porosity and crack fraction of the AM-
fabricated alloys were examined through image analysis using the ImageJ software as per
the procedure outlined in [34]. For each alloy, four cross-sectional micrographs were ana-
lyzed to ensure reproducibility. A JOEL 7800 field emission scanning electron microscope
(FESEM), equipped with electron backscattered diffraction (EBSD) and energy dispersive
spectroscopy (EDS) detectors, was utilized to characterize the morphology of the feedstock
powders and microstructures of the AM-fabricated alloys. Samples for microstructure
characterization were cut from the AM-fabricated alloys along their longitudinal direction,
i.e., the building direction (BD), followed by mechanically grinding and polishing following
standard metallographic procedure. Keller’s reagent, composed of 5 mL HNO3, 3 mL HCl,
2 mL HF, and 190 mL H2O, was employed to etch the samples for 5 s and reveal their mi-
crostructures. EBSD inverse pole figure (IPF) mapping was performed with a scanning step
of 0.2 µm, and a critical misorientation angle of 10◦ was used to identify grain boundaries.
For composition analysis, EDS point scans were conducted with a low current of 0.5 nA to
minimize the interaction region created by the electron beam and enhance the accuracy of
determinations.

Microstructures of the 2024-2LaB6 and 2024-2Ti alloys were further examined using
an Hitachi HF5000 transmission electron microscope (TEM), equipped with dual EDS
detectors and operated at an acceleration voltage of 200 kV. The overlapped selected area
electron diffraction (SAED) technique was utilized to determine the orientation relationship
(OR) between the nucleant particle and the adjacent aluminum grain. High-resolution TEM
images were post-processed using inverse fast Fourier transforming (IFFT) with Gatan
DigitalMicrographTM software to reduce noise. TEM samples were prepared using an FEI
Dual FIB/SEM-SCIOS focused ion beam (FIB) milling system.

3. Results
3.1. Densification

Figure 1 shows the densification behavior of the AM-fabricated 2024 and inoculated 2024
alloys. Similar to the AM-fabricated high-strength Al alloys reported previously [4,13,35], the
present 2024 alloy featured a high fraction of cracks (~1.81%) parallel to the BD. These cracks
possess lengths ranging from several hundreds of micron meters to several millimeters,
spanning across multiple layers or even the entire sample. As shown in Figure 2b–d,
inoculation with LaB6 nanoparticles provides a marginal influence on the crack density
(from ~1.81% to ~1.54%) but led to a higher porosity within the alloy, particularly at a high
addition level (e.g., 2 wt.% LaB6 with a porosity of ~1.49%).

In contrast, inoculation with Ti nanoparticles effectively alleviated cracking in the 2024
alloy upon AM processing. Addition of 0.5 wt.% Ti nanoparticles significantly reduced
the crack length and fraction (~1.04%) in the 2024-0.5Ti alloy (Figure 2e). Increasing the
Ti content to 1 wt.% led to a more pronounced cracking alleviation. As demonstrated
in Figure 2f, the 2024-1Ti alloy was crack-free with only a small fraction of spherical
pores (~0.57%) being observed. These pores were considered as gas pores that were
commonly observed in AM-fabricated metals [1]. Similar to the LaB6 inoculation, further
increasing the Ti content to 2 wt.% resulted in a higher porosity (~0.99%) in the 2024-2Ti
alloy (Figure 2g). This could be attributed to the reduced powder fluidity caused by the
higher inoculation content of nanoparticles. A similar phenomenon has also been reported
in other AM-fabricated metals with inoculation treatments [36,37]. This result indicates that
compared with LaB6, inoculation with Ti nanoparticles has a significantly higher efficiency
in eliminating cracking of the 2024 alloy upon AM processing.
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Figure 2. Longitudinal optical micrographs of the AM-fabricated (a) 2024 alloy, (b) 2024-0.5LaB6 alloy,
(c) 2024-1LaB6 alloy, (d) 2024-2LaB6 alloy, (e) 2024-0.5Ti alloy, (f) 2024-1Ti alloy, and (g) 2024-2Ti alloy.
The cracks and pores are pointed to by the dashed arrows and solid arrows, respectively. Statistical
analysis data are also enclosed to show the fractions of the cracks and pores within the alloys.

3.2. Grain Morphology Evolution

Figure 3 depicts the EBSD-IPF maps and the corresponding pole figures of all the
AM-fabricated alloys on their longitudinal cross-sections. As depicted in Figure 3a, the
AM-fabricated 2024 alloy is featured with large, columnar grains with widths ranging
from 20–60 µm and lengths up to hundreds of micron meters. The IPF color code indicates
that the majority of these columnar grains have their <100> orientations parallel to the
BD, leading to a strong <100> texture in the alloy along the BD as shown in Figure 3h1.
Cracks can be clearly observed in between these columnar grains, consistent with previous
works on the AM of high-strength Al alloys [38,39]. This indicates that the intergranular
region is particularly vulnerable to the thermal stresses caused by rapid cooling and
solidification shrinkage, which exemplified a typical hot-cracking feature widely reported
in AM-fabricated high-strength Al alloys [13,38,39].

The incorporation of LaB6 provides limited refinement to the 2024 alloy upon AM
processing. As shown in Figure 3b,c, addition to LaB6 from 0.5 wt.% to 1 wt.% only slightly
reduced the size of the columnar grains, whereas almost no CET can be observed in both the
2024-0.5LaB6 and 2024-1LaB6 alloys. Although further increasing the LaB6 content to 2 wt.%
led to the formation of a small fraction of equiaxed grains, the microstructure was still
dominated by the large, textured, columnar grains. Thus, similar to the 2024 alloy, the LaB6-
inoculated 2024 alloys possessed pronounced <100> textures as illustrated in Figure 3h2–4.
Furthermore, hot-cracking can be observed to propagate along the intergranular regions,
spanning over multiple columnar grains. This result was contrary to the previous works
on the AM-fabricated AlSi10Mg alloy [15,33], where inoculation with a small amount
of LaB6 nanoparticles led to a significant grain refinement. Detailed discussion will be
provided in Section 4.2.
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(h1–h7) of the AM-fabricated alloys: (a,h1) 2024 alloy, (b,h2) 2024-0.5LaB6 alloy, (c,h3) 2024-1LaB6

alloy, (d,h4) 2024-0.5LaB6 alloy, (e, h5) 2024-0.5Ti alloy, (f,h6) 2024-1Ti alloy, and (g,h7) 2024-2Ti alloy.
The crystal orientations in the IPF maps were viewed along the BD. The color scale in the pole figures
indicates the relative intensity of the diffraction peaks.

In comparison, inoculation treatment with Ti nanoparticles effectively refined the
grains and led to CET in the AM-fabricated 2024 alloys. As shown in Figure 3e, the
addition of 0.5 wt.% Ti nanoparticles not only significantly reduced the size of columnar
grains but also led to the formation of some fine, equiaxed grains interspersed among the
columnar grains. Compared to the textured columnar grains, these equiaxed grains were
randomly oriented, leading to a reduced texture in the 2024-0.5Ti alloy, as presented in
Figure 3h5. Nevertheless, due to the existence of columnar grains, hot-cracking cannot
be eliminated in the alloy. Increasing the Ti content to 1 wt.% led to substantial grain
refinement and achieved complete CET in the 2024-1Ti alloy. The complete elimination of
columnar grains led to a texture-free microstructure of the alloy, as shown in Figure 3h6.
Statistical analysis shows that the majority of these equiaxed grains had a grain size less
than 5 µm, corresponding to the average grain size of 2.8 µm in the 2024-1Ti alloy. Further
increasing the Ti content to 2 wt.% led to a more pronounced refinement to the equiaxed
grains and a more uniform microstructure in the 2024-2Ti alloy (Figure 3g). The size of the
equiaxed grains ranges from 0.7 µm to 3 µm, which corresponds to the average grain size of
1.5 µm of the alloy. This result signifies that the Ti inoculation possesses significantly higher
efficiency than the LaB6 inoculation in refining Al grains during the AM of the 2024 alloy.

3.3. Microstructural Characterization

To investigate the distribution of the inoculant nanoparticles, microstructural charac-
terization was further conducted using SEM on the 2024-2LaB6 alloy, 2024-0.5Ti alloy and
2024-1Ti alloy. As shown in Figure 4a–c, both alloys possess fine intermetallic particles with
an average size of ~200 nm interspersed in between the Al dendrites. These intermetallic
phases are possibly the Al2Cu or Al2CuMg phases widely reported in AM-fabricated 2xxx
series alloys [40,41]. In the 2024-2LaB6 alloy, numerous LaB6 nanoparticles (bright phase,
indicated by the arrows) were uniformly distributed in the Al grain, as confirmed by
the EDS mapping shown in Figure 4g. The EDS quantitative analysis (operated at a low
current) further demonstrated the absence of La and B solutes within the Al dendrites,
which demonstrates the high stability of LaB6 nanoparticles upon AM processing. Given
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the marginal refining response of the 2024-2LaB6 alloy, it is speculated that the inoculated
LaB6 nanoparticles did not serve as the nucleant particles.
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Figure 4. Longitudinal SEM-backscattered electron images (a–c), the representative EDS spectra (d–f)
of the point analyses on the Al matrix, and the corresponding EDS maps (g–i) of the marked areas of
(a,d,g) 2024-2LaB6, (b,e,h) 2024-0.5Ti, and (c,f,i) 2024-1Ti, with the insets in (d–f) showing the solute
concentrations. The solid arrows in (a) and (c) indicate the LaB6 and Al3Ti nanoparticles, respectively.

For the 2024-0.5Ti alloy, the microstructure only consists of Al dendrites and the Cu-
rich intermetallic phase particles, wherein no Ti-containing particles were detected. The EDS
quantitative analysis reveals that Al dendrites contain Ti solute at approximately 0.4 wt.%.
This indicates that almost all the inoculated Ti nanoparticles exist in the form of solute in
the α-Al grains. In the previous works on Ti-inoculated Al alloys, the substantial grain
refinement was ascribed to the in situ formation of Al3Ti nucleant particles that promoted
the heterogeneous nucleation of Al grains [16,30,40,42,43]. Thus, the absence of such
nucleant particles in the 2024-0.5Ti alloy could be responsible for the insufficient grain
refinement as presented in Figure 3e. Further increasing the Ti content to 1 wt.% led to
the formation of numerous cuboidal particles (50–200 nm in size, indicated by the arrows)
within the Al dendrites, as presented in Figure 4c. The EDS mapping shown in Figure 4i
demonstrates these particles being enriched with Ti. According to the previous works on
AM-fabricated Al alloys with Ti inoculation [16,34], these particles are considered as an
Al3Ti phase attributed to the peritectic reaction between Al and Ti. Because the majority
of these Al3Ti nanoparticles were identified within the Al grains, they were considered
to serve as nucleant particles to nucleate Al grains upon solidification. Furthermore, the
2024-1Ti alloy had a Ti solute (0.4 wt.%) similar to the 2024-0.5Ti alloy (Figure 4f). This
suggests that there is a threshold inoculation content of Ti at ~0.4 wt.%, over which the
Al3Ti nucleant particles can form in situ. Note that the microstructures of other alloys,
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namely the 2024-0.5LaB6, 2024-1LaB6, and 2024-2Ti alloys, are similar to the 2024-2LaB6 and
2024-1Ti presented in Figure 4, except for the higher fractions of nanoparticles in the alloys
with higher inoculation concentrations. Thus, these microstructures are not presented
herein for the sake of brevity.

To further investigate the orientation relationships (ORs) between the nanoparticles
and the Al grains and to understand the grain refinement mechanisms, TEM microstructural
examination was conducted on the 2024-2LaB6 and 2024-1Ti alloys. Figure 5a,b show a
representative bright-field TEM micrograph and corresponding EDS spectrum of the 2024-
2LaB6 alloy, showing an LaB6 nanoparticle located at an Al-grain center. Considerable
overlapped SAED measurements have confirmed that there was no reproducible OR
between the LaB6 nanoparticles and the Al matrix, as exemplified by Figure 5c. This can
also be confirmed by the bright-field image after sample tilting to the [001]Al zone axis (inset
in Figure 5a). The Al matrix appears dark due to a pronounced diffraction effect, while
the LaB6 nanoparticle exhibits a comparatively brighter appearance, suggesting that the
electron beam is not aligned with any specific zone axis of the nanoparticle. This indicates
that the LaB6 nanoparticles did not act as nucleants to nucleate Al grains. Although the
two-dimensional cross-sectional image may not reveal all the LaB6 nanoparticles embedded
within the Al grain, the extensive epitaxial grain growth observed in the 2024-2LaB6 alloy
suggests the lack of heterogeneous nucleation on the LaB6 nanoparticles.
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Figure 5. (a) Bright-field TEM micrograph of the 2024-2LaB6 alloy, with the inset showing the
micrograph after sample tilting to the [001]Al zone axis, (b) the corresponding EDS spectrum (acquired
in STEM mode), and (c) SAED pattern taken at the Al/LaB6 interface along the [001]Al zone axis after
sample tilting; (d) bright-field TEM micrograph of the 2024-1Ti alloy, (e) the corresponding SAED
pattern taken at the Al/L12-Al3Ti interface along the [011]Al zone axis after sample tilting, and (f) the
high-resolution TEM image of the area marked in (d), showing the coherent interface between these
two crystals. Note that the diffraction spots of the LaB6 nanoparticle, indicated by the dashed arrows
in (c), are obtained, but they cannot be indexed because the incident electron beam is away from any
zone axis of the LaB6.

In contrast, the SAED pattern shown in Figure 5d demonstrates the typical cube-on-
cube relationship between the Al grain and the Al3Ti nanoparticle in the 2024-1Ti alloy. In
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addition, the existence of the (100) and (110) type superlattice reflections confirms the L12
ordered structure of the Al3Ti phase (i.e., L12-Al3Ti). Because this crystallographic OR was
repeatedly identified across the Al/L12-Al3Ti interfaces in 2024-1Ti, this can be considered
to be a specific and well-defined OR as follows:

[011]Al

∣∣∣∣∣∣[011]L12−Al3Ti, (022)Al

∣∣∣∣∣∣(022)L12−Al3Ti (OR1)

The high-resolution TEM micrograph and the corresponding fast Fourier transforming
(FFT) pattern (Figure 5e) taken along the [011]Al axis evidence the highly coherent interface
between the L12-Al3Ti nanoparticle and the Al matrix, which is consistent with previous
works on AM-fabricated Ti-containing Al alloys [34,40,42,43]. This evidences the occurrence
of heterogeneous nucleation of α-Al on the nanoparticles.

4. Discussion

It is demonstrated from Figure 3a that the AM-fabricated 2024 Al alloy possesses
coarse columnar grains. This is attributed to the directional solidification nature of melt
pools [2,3,5]. Inoculation treatment with LaB6 and Ti nanoparticles exhibited significantly
different grain refining efficiencies in this alloy upon AM processing. The former provided
almost no refining effect to the alloy (Figure 3b–d), whereas the latter possessed a high
refining efficiency (Figure 3e–g), and a complete CET can be obtained at the inoculation
content of 1 wt.% Ti (Figure 3f). The difference in their refining efficiencies is discussed in
the following sections.

4.1. Nucleation Conditions

As per the Winegard and Chalmers nucleation theory [44], the Interdependence
theory [45], and the recently proposed numerical nucleation model by Xu et al. [46], the
successful initiation of heterogeneous nucleation and the achievement of CET requires
the generation of sufficient undercooling (∆T) in front of the growing solid/liquid S/L
interface to surpass the critical nucleation undercooling (∆Tn) required for heterogeneous
nucleation (i.e., ∆T ≥ ∆Tn). Hence, ∆T and ∆Tn are two key factors that determine the
grain morphology and size of the solidified metal. An equiaxed-grain microstructure with
fine grain size is favored with a large ∆T and a small ∆Tn.

As initially proposed by Turnbull and Vonnegut [27] and experimentally verified
recently by Wang et al. [47,48] and Fan et al. [49,50], ∆Tn is closely related to the interatomic
mismatch (designated as lattice disregistry, δ) between the nucleant particle and the growing
metal, expressed by the following equation:

∆Tn =
cE

∆Sv
δ2 (1)

where cE represents the coefficients of elasticity and ∆SV denotes the entropy of phase
transition per volume.

In cases of rapid solidification of an alloy, the ∆T, defined as the difference between
the melt temperature (TM) and the alloy liquidus temperature (TL), can be approximated
as the sum of two types of undercooling: thermal undercooling (∆Tt) and constitutional
supercooling (∆TCS) [51]. The ∆Tt is closely related to the lag in the actual growth rate of
the S/L interface compared to the theoretical pull rate induced by the cooling rate in the
melt [52]. Factors such as increased viscosity, decreased mobility, and nucleation density
can slow down the actual growth rate, causing the liquid ahead of the S/L interface to
remain supercooled with a temperature below its theoretical freezing point, generating ∆Tt.
Thus, ∆Tt is influenced by (i) the cooling rate, which can be controlled through processing
parameter manipulation (e.g., laser power and scan speed in AM processing) and (ii) the
actual growth rate of the S/L interface, which is affected by the solute rejection from the
growing solid to the liquid. Solutes with a low solubility and a slower diffusion rate may
possess a higher tendency to delay the dendrite growth and thus enable a larger ∆Tt in
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front of the S/L interface [53]. In terms of ∆TCS, it is also closely related to the solute
segregation ahead of the S/L interface [45,51]. Due to the different solubilities in the solid
and the liquid, excess solute atoms that cannot dissolve in the solid are rejected towards
the adjacent liquid, causing a pile-up of solute ahead of the growing S/L interface. This
alters the solidification temperature at the S/L interface in combination with the thermal
gradient, creating ∆TCS [52]. The efficiency of a solute to generate ∆TCS is quantitatively
expressed by the growth restriction factor, known as Q, expressed as follows [11]:

Q = m(k − 1)C0 (2)

For an alloy with multiple solute elements, the Q value can be approximated by

Q = ∑ m(k − 1)C0 (3)

where k is the partition coefficient, m is the slope of the liquidus (assumed to be the straight
line), and C0 denotes the solute concentration. Solutes with a large Q value can more
rapidly generate ∆TCS ahead of the S/L interface, promoting heterogeneous nucleation.

4.2. The Importance of Solutes

In the present 2024 alloy, the predominant solutes are Cu (3.70 wt.%) and Mg (1.2 wt.%),
which are weak growth-restrictive solutes in Al, corresponding to a relatively small Q value
of ~15 K of the alloy as shown in Table 2. Moreover, rapid AM solidification is associated
with an extremely large thermal gradient, typically ranging from 105 to 107 K/m [1]. Such
a steep thermal gradient further restricts the constitutional supercooling zone and thus the
∆TCS [2,5,53–55]. In addition, both Cu and Mg possess a low segregation tendency, due to
their large solubilities in Al (≥6 wt.%), which in turn limits the generation of ∆Tt. Thus, a
relatively small ∆T is expected at the front of the S/L interface during AM of the 2024 alloy.
On the other hand, for alloy solidification without inoculation treatment, heterogeneous
nucleation occurs on native nucleants in the melt such as impurities and oxides. In general,
these native nucleants possess a relatively large δ with the metal matrix and thereby a
relatively large ∆Tn [53]. As a result, the overall ∆T is insufficient to surpass the ∆Tn
for activating heterogeneous nucleation in the 2024 alloy, as schematically illustrated
in Figure 6a. The lack of heterogenous nucleation ahead of the growing S/L interface
favored the growth of columnar grains along the thermal gradient direction (i.e., BD).
When the subsequent layer is built, the solidification occurred through direct epitaxial
growth from the grains of the previous layer due to the low nucleation barrier, eventually
forming extensively coarse, textured, columnar grains spanning over multiple layers as
shown in Figure 3a. During solidification, the formation of such large columnar grains is
associated with fragile intergranular liquid channels, which were prone to deformation and
rupture due to thermal stress [56], leading to high fractions of cracks, as shown in Figure 2a.

Table 2. The k, m, and m(k − 1) values of some solute elements in Al [11], the nucleant particle type,
and the calculated Q values of 2024, 2024-2LaB6, 2024-0.5Ti, 2024-1Ti, and AlSi10Mg alloys [15].

Element/Alloy k m m(k−1) Q Nucleant

Cu 0.17 −3.4 2.8 - -
Mg 0.51 −6.2 3 - -
Mn 0.94 −1.6 1.9 - -
Ti 9 30.7 245.6 - -
Si 0.11 −6.6 5.9 - -

2024 alloy - - - 15 K Native
2024-2LaB6 - - - 15 K LaB6

2024-0.5Ti alloy - - - 90 K Native
2024-1Ti alloy - - - 90 K L12-Al3Ti

LaB6-inoculated
AlSi10Mg [15] - - - 61 K LaB6
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Figure 6. Schematic illustrations of the generation of ∆TCS and ∆Tt ahead of the growing S/L interface
and the critical nucleation undercooling ∆Tn in (a) 2024 alloy, (b) 2024-2LaB6 alloy, (c) 2024-0.5Ti, and
(d) 2024-1Ti alloy, where GAM represents the thermal gradients; TS, TL, and TM denote the solidus
temperature, liquidus temperature, and melt temperature, respectively.

Inoculation with LaB6 nanoparticles, even up to 2 wt.%, provided marginal refinement
to the 2024 alloy (Figure 3b–d). According to previous studies [15], LaB6 is an effective
nucleant for Al due to the extremely small δ (δ = 2.14%) with Al and thus the significantly
reduced ∆Tn for Al nucleation. The ineffectiveness of LaB6 in the present 2024 alloy
indicates that despite the reduction in ∆Tn, the solute-driven ∆T ahead of the S/L interface
was too small to surpass the ∆Tn. Therefore, heterogeneous nucleation cannot be activated,
as illustrated in Figure 6b. Upon solidification, these LaB6 nanoparticles were either pushed
towards the grain/dendrite boundaries or engulfed by the growing grain, processing
random ORs with the Al matrix, as demonstrated in Figure 5b. Unlike the 2024 alloy,
our previous work [33] demonstrated that a small addition of LaB6 (0.2–0.5 wt.%) was
effective in achieving CET in the AM-fabricated AlSi10Mg alloy. Such a contradiction
can be understood by the significant solute contribution in the AlSi10Mg alloy. This alloy
commonly contains ~10 wt.% Si and ~0.45 wt.% Mg, which corresponds to a Q value
of ~61 K, much greater than the 2024 alloy. Furthermore, the Si content in the alloy is
significantly greater than its corresponding equilibrium solubility (~1.55 wt.%), signifying
a strong segregation tendency upon solidification and thus a large ∆Tt to be generated.
Thus, in the AlSi10Mg alloy, a much higher ∆T is expected at the growing S/L interface to
activate heterogeneous nucleation on LaB6 nanoparticles, achieving grain refinement.

Unlike LaB6, Ti inoculation provided pronounced refinement to the 2024 alloy, as
shown in Figure 3e–g. This resulted from the synergy between the solute and the nucleant
particles. Ti is known as one of the most effective growth restriction solutes in Al with high k
and m values of 9 and 30.7, respectively [11]. As demonstrated in Figure 4e,f, the maximum
dissolvable Ti solute is ~0.4 wt.% in the 2024 alloy during AM, which significantly increased
the Q value of the alloy from 15 K to 90 K (Table 2). In addition, the segregation of Ti solute
may also contribute to the growth lag of the Al dendrite and thereby the generation of ∆Tt
ahead of the S/L interface. Thus, a much greater ∆T is expected at the growing S/L interface
during the AM of Ti-containing Al alloys. In the present 2024-0.5Ti alloy, almost all the
inoculated Ti existed as solute, whereas almost no extra nucleant particle was introduced.
As such, the grain refinement is predominantly attributed to the solute effect caused by
Ti. However, because of the lack of effective nucleant particles in the alloy (Figure 4b),
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heterogenous nucleation can only occur on native nucleants, which are associated with a
large ∆Tt and small fraction. This significantly restricted the grain refinement efficiency
despite the increase in ∆T, as schematically shown in Figure 6c. Thus, although there was a
reduction in the overall grain size, the columnar structure and hot-cracking persisted in the
alloy as shown in Figures 2b and 3b.

However, at a Ti content higher than 0.4 wt.%, the excess Ti can react in situ with Al to
form the L12-Al3Ti nanoparticles, as demonstrated in Figure 4c,i. Similar to LaB6, L12-Al3Ti
is also an effective nucleant for Al because of the extremely small δ (δ < 1%) across the
Al/L12-Al3Ti interface [16]. Thus, in addition to the increase in ∆T by the Ti solute, there
was a significant reduction in the critical nucleation undercooling ∆Tn during AM of the
2024-1Ti alloy. Such a solidification condition guaranteed the much “easier” heterogenous
nucleation on the L12-Al3Ti nanoparticles (i.e., to satisfy ∆T ≥ ∆Tn), schematically depicted
in Figure 6d. As a result, complete CET and an equiaxed microstructure were achieved, as
shown in Figure 3f. Compared to the columnar grains, the fine, equiaxed grains are more
ready to accommodate thermal stress upon rapid solidification [13] so that a crack-free
microstructure can be obtained, as shown in Figure 2f. Further increasing the Ti content to
2 wt.% produced a larger number of L12-Al3Ti nanoparticles throughout the melt pools,
which ensures vaster nucleation events to occur, resulting in much finer grains in the
2024-2Ti alloy as presented in Figure 3g.

As aforementioned, AM is associated with a significantly large thermal gradient,
which significantly limits the ∆T ahead of the growing S/L interface. Under this solidifica-
tion condition, the addition of appropriate solutes to generate sufficient ∆T, and thereby
to counteract the effect of the thermal gradient, is the prerequisite for the activation of
heterogeneous nucleation. This has been demonstrated in previous works [53] where the
inoculated nucleant particles can be activated only in the alloys with sufficient growth-
restrictive solutes. In the present work, Ti inoculation not only introduced nucleant particles
but also provided a solute effect in the alloy, which is the main reason for its superior refin-
ing efficiency compared to LaB6. The formation of those nanoparticles requires a Ti content
higher than a critical content, which is approximately 0.4 wt.% in the present 2024 alloy.
Note that this critical content may be closely related to the solidification thermodynamic,
which can vary with different alloy systems and AM processing parameters. For example,
Li et al. [57] inoculated 1 wt.% Ti in an AM-fabricated 2219 Al alloy and reported that
almost all the inoculated Ti existed in the form of solute whilst no L12-Al3Ti was observed
in the alloy. Although significant grain refinement was achieved in the alloy due to the
growth restriction effect supplied by Ti, complete CET cannot be attained due to the lack of
nucleant particles.

Hence, the implementation of inoculators that concurrently involve contributions from
nucleant particles and solute is strongly advocated to attain a finely-grained, equiaxed
microstructure during AM processing. Typical effective inoculators can be Al3X (X = Ti, Zr,
Ta, V, Nb, Hf) formers like Ti, Ta, V, and Hf. These inoculators are also growth- restrictive
solutes in Al [11] and have been demonstrated effective in refining Al during conventional
casting [30,58] and AM [21,31,59–61]. In addition to the present 2024 alloy, this strategy may
also be applicable in other Al alloys to achieve CET, particularly those having insufficient
growth-effective solutes and low Q values, e.g., 6061 (Q6061 = ~7 K) and 7075 (Q7075 = ~16 K)
alloys [11].

5. Conclusions

The present work demonstrates the important role of solutes in achieving grain re-
finement during AM by comparing the refining efficiencies of LaB6 nanoparticle and Ti
nanoparticle inoculants in 2024 Al alloy during AM processing. Based on the results, the
following conclusions can be made:

i. Inoculation with LaB6 nanoparticles, even up to 2 wt.%, provided marginal grain
refinement in the AM-fabricated 2024 alloy. A random orientation relation was
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found across the Al/LaB6 interfaces, which indicates that LaB6 cannot nucleate Al
grains upon AM solidification.

ii. The ineffectiveness of LaB6 was attributed to the insufficient growth-restrictive
solute in the 2024 alloy. Thus, despite the reduction in ∆Tn, the solute-driven
∆T ahead of the S/L interface was too small to surpass it, leading to insufficient
nucleation events.

iii. Compared to LaB6, inoculation with Ti provided more pronounced grain refinement
in the 2024 alloy, and a complete CET was achieved at a Ti content greater than
1 wt.%.

iv. The higher grain-refining efficiency of Ti inoculation can be well understood by
the synergy between the solute and the nucleant particles. The dissolved Ti solute
significantly increased the overall ∆T ahead of the S/L interface through the growth-
restrictive effect on the alloy, whilst the excess Ti led to the in situ formation of
L12-Al3Ti nanoparticles, which act as effective nucleant particles to reduce the ∆Tn
for Al nucleation. As a result, heterogeneous nucleation was significantly promoted,
leading to grain refinement.

v. For AM solidification, the addition of appropriate solutes to generate sufficient ∆T
and thereby to counteract the effect of the thermal gradient is the prerequisite for
the activation of heterogenous nucleation.
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