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Primary grain refinement using inoculant additions and intermetallic compound (IMC) phase
selection are critical aspects in the solidification of commercial aluminum alloys, controlling the
final mechanical properties in service. Although there have been studies which suggest there are
explicit interactions between the two phenomena, they have yet to be fully elucidated. Here,
through study of intermetallic phase particles extracted from an inoculated casting, key features
relating to the nucleation of different intermetallic phases via eutectic reactions are recognized
and explained. In particular, rake-like IMCs are identified as initiation points for the deleterious
b-AlFeSi IMC phase in a model 6xxx series Al alloy. A mechanism is proposed for how TiB2

inoculant particles, which are commonly used for primary phase refinement, play a role in
enhancing the nucleation of intermetallic phases during eutectic reactions at the liquid/a-Al
interface in the final stages of solidification. The implication of this mechanism is that, after the
event of primary grain refinement, any unused TiB2 inoculant particles could be contributing to
IMC formation thereby affecting the overall type, size, and distribution of intermetallic phases
in the solidified alloy.
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I. INTRODUCTION

INTERMETALLIC phases form towards the latter
stages of solidification in aluminum alloys from the
interaction of solute atoms, which are rejected from the
growing, relatively dilute, primary a-Al grains (crystals)
and have become concentrated in the shrinking fraction
of intergranular liquid. The type, size, and distribution
of these intermetallic phases have considerable influence
on the final properties of commercial aluminum alloys,
and are arguably more important than the size and
morphology of primary a-Al grains, which are in any
case often recrystallized during downstream processing.
Two of the most common solutes in commercial
aluminum alloys are Fe and Si: Si is an important
alloying element in various wrought alloys and also
casting alloys; Fe concentrations of typically 0.6 to 1.0
wt pct arise through the recycling of aluminum scrap,[1]

and usually must be diluted by the addition of virgin
aluminum to meet alloy specifications. Consequently,
one of the most important class of intermetallic phases
are those based on AlFeSi. In 6xxx series (dilute
Al-Si-Fe-Mg) alloys, metastable cubic Al8Fe2Si and
monoclinic Al5FeSi, designated as ac-AlFeSi and
b-AlFeSi respectively, form by late stage, high solid
fraction solidification reactions[2,3] such as:

L ! a-Alþ ac-AlFeSi ½1�

L ! a-Alþ b-AlFeSi ½2�

b-AlFeSi is of particular interest as it is generally
considered to be detrimental and forms in facetted,
planar morphologies that promote strain inhomogeneity
and reduce tensile ductility and toughness.[4,5] b-AlFeSi
may also promote the nucleation of Al-Si eutectic in
higher Si concentration casting alloys.[6] Although
postsolidification homogenization treatments are used
to spherodize or redissolve and then reprecipitate some
undesirable intermetallic phases, AlFeSi phases either
remain unchanged or only sluggishly undergo solid-state
transformations and dissolution.[7] If understanding of
the formation mechanisms of AlFeSi phases during
solidification could be improved, there may arise an
opportunity to manipulate casting conditions and alloy
compositions in such a way as to avoid the most
deleterious phases, prolonged postsolidification heat
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treatments, and allow industrial processes to become
more tolerant to the use of recycled materials.

A. Inoculation of Aluminum Alloys

Inoculation, through the addition of grain refiner
particles, is common practice in the widely used
direct-chill (DC) casting of aluminum alloys. These
grain refiner particles act by promoting heterogeneous
nucleation of primary a-Al, and the resulting DC cast
ingots have a fine (100 to 150 lm), equiaxed grain
structure that is relatively insensitive to location within
the casting. Compared with columnar grains, equiaxed
grains are better able to adjust their positions and
orientations as solidification proceeds, and as a result,
hot tearing is reduced; the final mechanical properties
are also more isotropic. One of the most effective grain
refiners is TiB2 particulate, which is usually added into
the melt before casting via an Al-Ti-B master alloy with
typically a small amount of excess Ti.[8,9]

It has been suggested and widely embraced that,
because particulate nucleant surfaces have finite size, the
condition for growth of any incipient solid on the
nucleant surface is not determined by classical hetero-
geneous nucleation considerations,[10–14] but rather must
overcome an energy barrier arising from the
Gibbs-Thomson curvature effect, beyond which ‘‘free-
growth’’ of this solid will take place.[15,16] For a small
undercooling DT, in the region of 0.2 K,[12] the critical
radius of the nucleating particle r� is given by[15–18]:

r� ¼
2 � cL=S
DSV � DT

½3�

where cL=S is the free energy per unit area of the
liquid/solid interface and DSV is the entropy of fusion
per unit volume. This nucleation process, termed ather-
mal heterogeneous nucleation, is deterministic for a
given alloy, depending only on the undercooling.[19]

As can be readily deduced from Eq. [3], the size of
nucleant particles required for the onset of free-growth
decreases with increasing undercooling. Added inocu-
lants always have a range of particle sizes and the largest
particles in the distribution will be ‘activated’ first for
grain formation. However the majority of TiB2 particles
play no part in primary a-Al nucleation and the overall
efficiency of TiB2 particles is comparatively poor as
large undercoolings are generally not achieved (because
of recalescence from latent heat of fusion) and the
smaller particles are never activated. Particle size anal-
ysis and modeling[12,15,20] have shown that the mean
TiB2 particle diameter for those contributing to grain
initiation is of the order of a few microns, and in a
typical Al-Ti-B master alloy although the volume
efficiency is at � 40 pct, the typical number efficiency is
only � 1 pct.[12,20] A large fraction of the remaining
‘inactive’ inoculant particles are known to be pushed
into the interdendritic grain boundary regions as solid-
ification proceeds.[21] It has been speculated that this
interdendritic TiB2 that is colocated with increasing Si
and Fe concentrations rejected by the primary a-Al may

then act as heterogeneous nucleation sites for AlFeSi
intermetallic phases.
The influence of grain refiner additions, either Al-Ti-B

or Al-Ti-C (another grain refiner type), on intermetallic
phase selection in binary Al-0.5Fe and ternary
Al-0.1Si-0.3Fe alloys has already been reported[22–26]:
some equilibrium Al3Fe (or Al13Fe4) was detected
amongst an otherwise majority of metastable Al6Fe

when the cooling rate was � 5Ks�1 in both directionally
solidified samples and small-scale direct-chill castings. In
another study,[27] ac-AlFeSi was the dominant inter-
metallic phase (over Al6Fe) when sufficient grain refiner
was added to an Al-0.15Si-0.3Fe alloy; there is also
evidence that b-AlFeSi formed among ac-AlFeSi when
an Al-0.6Si-0.3Fe-0.8Mg or an Al-0.5Si-0.3Fe-0.4Mg
alloy was inoculated with Al-Ti-B.[28–30]

In this study, extracted intermetallic particles from an
inoculated model 606x Al-Si-Fe-Mg alloy solidified
under industry-standard conditions are examined in
detail, in particular the relationship between TiB2 and
AlFeSi particles, and a mechanism is proposed for how
TiB2 grain refiner particles influence the nucleation of
various intermetallic phases in the latter stages of
solidification.

II. EXPERIMENTAL

A model 606x alloy was prepared in-house[28] with
composition Al-0.52 wt pct Si-0.28 wt pct Fe-0.37 wt pct
Mg, which was confirmed using optical emission spec-
troscopy to an error of � 2 pct. Two 10 kg batches of the
alloy were melted at 750� 10 �C and castings were
solidified using the TP-1 method,[31] which is a standard
method for the aluminum industry. A TP-1 casting has
the shape of an inverted cylindrical frustum and for
aluminum alloys weighs typically � 300 g. Material
located between the 33 and 38 mm diameter sections

of the casting experiences a cooling rate of � 4Ks�1,
which is similar to the center of a 180 mm diameter
direct-chill cast ingot. TP-1 castings were made prior to
any grain refiner additions as control samples. Subse-
quent castings were produced with either ‘stoichiomet-
ric’ Al-Ti-B (Al-2.27 wt pct Ti-0.96 wt pct B) or ‘5:1’
Al-Ti-B (Al-5 wt pct Ti-1 wt pct B) grain refiner master
alloy, which was added to give an overall concentration
of 0.002 wt pct B. A 0.002 wt pct B 5:1 Al-Ti-B addition
equates to 0.01 wt pct Ti addition, which had been
previously demonstrated to produce effective grain
refinement in the alloy of interest.[28,32,33] The melt was
stirred manually every time a casting was made to
prevent grain refiner sedimentation. Inoculated castings
were produced at various intervals from 2 minutes to 4
hours after the grain refiner addition was first added to
the melt.

A. Metallography

Material from between the 33 and 38 mm diameter
sections of the TP-1 castings was investigated using
various characterization and analysis techniques.
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Conventional metallographic samples from the 38 mm
section were first examined using optical microscopy.
The polished surface was subsequently anodized using
Barker’s reagent (1.4 g boric acid, 9 mL tetrafluoroboric
acid, and 194 mL deionized water) and examined under
polarized light. Grain sizes were measured using the
mean linear intercept method, averaged from a mini-
mum of 130 measurements in the control alloys and 500
in the inoculated alloys. The 33 mm section, and also a
horizontal cross section of TP-1 castings solidified under
the equivalent conditions, were macro-etched using
Tucker’s reagent (45 vol pct HCl, 15 vol pct HNO3

and 15 vol pct HF aqueous solution) to examine the
macroscale grain structure and distribution.

B. Intermetallic Phase Extraction

Intermetallic particles were extracted from � 0:4 g of
material taken from near the center of the 33 to 38 mm
section using a butan-1-ol based extraction technique[34]:
the primary a-Al was dissolved, whereas the intermetal-
lic particles and TiB2 grain refiner particles were
insoluble and recovered onto a PTFE filter (0:2 lm pore
size) for further analysis.

C. X-ray Diffraction and Quantification of Phase
Content

A portion of the extracted particles was analyzed using
X-ray diffraction (XRD) for phase identification in a
Siemens D500 X-ray diffractometer that was equipped
with a Cu-Ka X-ray source (k ¼ 1:54Å). The diffractome-
ter was operated at an acceleration voltage of 40 kV, a
current of 30mA; 2h values between 5 and 75 deg, a step
size of 0.05 deg, and an exposure time of 12 seconds per
step. Relative weight fractions between ac-AlFeSi and
b-AlFeSiwere estimated using a regression curve andnine
peak intensity ratios between the twophases (3 peakswere
chosen from each phase: 22.37, 26.53, and 36.44 deg 2h
for ac-AlFeSi; 17.03, 20.81, and 28.96 deg 2h for
b-AlFeSi). The regression curve was generated by ana-
lyzing mixtures of known proportions (10 to 90 wt pct
ac-AlFeSi) of pure ac-AlFeSi and b-AlFeSi.[29]

D. Scanning Electron Microscopy

Some of the extracted particles were examined using
scanning electron microscopy, primarily those of the
control (noninoculated) and the sample inoculated with
‘stoichiometric’ Al-Ti-B (without the effect of excess Ti).
Chemical analysis was carried out at 10 kV using a JEOL
6480LV SEM that was equipped with energy dispersive
X-ray (EDX) and inclined wavelength dispersive X-ray
(WDX) detectors. High-resolution images were captured
at 4 kV using a JEOL 840F FEG-SEM. As a result of the
three-dimensional nature and overall sizes (10s to 100s
lm) of the extracted particles, some of the crucial
fine-scale details tended to be lost in conventional
imaging, despite the additional depth of field offered by
SEM imaging (when compared with optical microscopy).
To address this issue, composite image montages are

presented to preserve fine-scale, high-magnification
details of particular features of interest, while demon-
strating the influences of these features on the macroscale
morphology and structure of the extracted particles.

III. RESULTS

A. Metallography and XRD

The average grain size at the 38 mm section was 579�
39 and 611� 38 lm for the control (noninoculated) TP-1
samples, 186� 6 and 142� 6 lm for the TP-1 samples
inoculated with ‘stoichiometric’ and ‘5:1’ Al-Ti-B after 2
minutes, and 172� 4 and 122� 3 lm for the TP-1
samples inoculatedwith ‘stoichiometric’ and ‘5:1’Al-Ti-B
after 4 hours respectively (see Figure 1), confirming that
the grain refiner particles were effective in promoting
primary a-Al grain formation 2 minutes after inoculation
and remained so after 4 hours of furnace hold. Phase
identification of the extracted particles using XRD
suggested that the noninoculated alloy contained pre-
dominantly ac-AlFeSi (Figure 2(a))whereas the extracted
particles from the inoculated samples consist of mostly
b-AlFeSi (Figure 2(b)). The relative phase content was
estimated tobe 73wt pct and	 90wt pct ac-AlFeSi for the
control TP-1 samples; 25 and 20 wt pct ac-AlFeSi for the
TP-1 samples inoculated with ‘stoichiometric’ and ‘5:1’
Al-Ti-B after 2 minutes; and 21 and 20 wt pct ac-AlFeSi
for the TP-1 samples inoculated with ‘stoichiometric’ and
‘5:1’ Al-Ti-B after 4 hours, respectively, supporting the
observation that there was a change in the AlFeSi phase
selection from mostly ac-AlFeSi to mostly b-AlFeSi after
the introduction of Al-Ti-B.

B. SEM of Extracted Particles

The extracted particles from the casting without
inoculation, which were predominantly ac-AlFeSi by
XRD (Figure 2(a)), tended to be either smooth plates
with surface ripples or a framework of curls, as shown in
Figure 3(a); sometimes particles exhibited both forms,
and in general, it was difficult to recognize the original
dendritic/granular outline of the primary a-Al around
which the interdendritic/intergranular liquid channels,
and subsequently the intermetallic particles, shaped. The
size of the plates and the curl frameworks varied widely,
from 10s to 100s lm. However, the thickness of the
plates was always <1 lm and the diameter of the curls
was always � 2 lm.
Conversely, the extracted particles with Al-Ti-B

addition, which were mostly b-AlFeSi as determined
by XRD (Figure 2(b)), were commonly rough/angular
plates with ledges or steps, or a framework of branches,
as shown in Figure 3(b). These characteristics exhibited
similar variations comparable to those described in the
previous paragraph in overall dimensions (10s to
100s lm), plate thickness (<1 lm), and branch diam-
eter (� 2 lm). Again, particles sometimes showed both
characteristics, and it was difficult to recognize the
template provided by the preexisting dendritic/granular
shape of the primary a-Al.
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It was not possible to distinguish reliably between
ac-AlFeSi and b-AlFeSi particle type among the
extracted particles using EDX/WDX alone because: (i)
the sampling volume at 10 kV was much larger than the
particle thickness; and (ii) X-ray acquisition geometry
was not sufficiently consistent to make robust compar-
isons. However the characteristic shape of the b-AlFeSi
particles matched well to previous reports in the
literature.[37,38] Similar comparisons with the literature
for ac-AlFeSi were more difficult, and thus confirmation
of ac-AlFeSi was primarily provided by XRD and that it
was distinctly different in shape to b-AlFeSi.

TiB2 particles were frequently recognized in the
images of extracted particles (see Figures 4 and 5(b),
etc.), distinctive by their hexagonal, facetted morphol-
ogy.[39,40] Furthermore the concentrated presence of Ti
in these particles was readily confirmed by EDX and the
colocation of B by WDX (see Figures 5(b) and 6).
Individual TiB2 particles were generally <1 lm in size
but were also clustered up to � 10 lm. Although TiB2

clusters were also observed at the edges of AlFeSi plates,
they were mostly associated with recurring, character-
istic AlFeSi structures, which are now explained in
detail.

Such structures among the b-AlFeSi particles can be
described as resembling a ‘‘rake’’: tines branching

laterally from a central platelet. One example is shown
in the lower left-hand corner of the b-AlFeSi particle in
Figure 5(a), with a higher magnification view in
Figure 5(b) and a further example in Figure 5(c). Often
TiB2 particles protruded from the central platelet of the
bilateral rake structure (Figures 5(b) and (c)); at times
the remainder of the b-AlFeSi framework branched
from one of the tines (Figure 5(a)).
Although the particles extracted from the casting with

stoichiometric Al-Ti-B grain refiner were mostly
b-AlFeSi, ac-AlFeSi was nonetheless present.
Figure 7(a) shows an ac-AlFeSi particle from the inoc-
ulated casting, with two dimensional petal-like plates
stemming from a central region of folds/lamellae that
was associated with TiB2. This central region is shown at
higher magnification in Figure 7(b). A further example
of TiB2-ac-AlFeSi association, similarly with a three
dimensional lamellar structure, is shown in Figure 7(c).

IV. DISCUSSION

The colocation of <1 lm TiB2 particles, or TiB2

particle clusters, with intermetallic phase particles con-
firmed the segregation of non-a-Al nucleating TiB2 to
the interdendritic/intergranular channels towards the

Fig. 1—Photographs of the macroetched 33 mm cross section of TP-1 castings: (a) noninoculated control sample, and (b) with ‘stoichiometric’
Al-Ti-B grain refiner; and micrographs of anodized metallographic samples at the 38 mm section under polarized light: (c) noninoculated control
sample, and (d) with ‘stoichiometric’ Al-Ti-B grain refiner.
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end of solidification, and that there were significant
quantities of redundant TiB2 particles at this
concentration.[15,17]

The ac-AlFeSi particles consisting of two dimensional
petal-like plates stemming from a central regions of
folds/lamellae are similar to those previously
reported[41–43]: the central folded region was the initia-
tion point of the particle, from which the flat petals

subsequently grew. Comparable structures of AlmFe
associated with 0.2 to 1 lm Ti-containing particle
agglomerates have also been reported in a commercial
purity aluminum alloy.[22]

It is more difficult to identify the initiation points for
b-AlFeSi, owing to the distracting complexity of the
intermetallic particle framework. Proposed associations
between b-AlFeSi and TiB2 have mostly been based on

θ

θ

α

β

(a)

(b)

Fig. 2—XRD patterns of extracted particles from TP-1 castings—(a) without Al-Ti-B addition; and (b) with Al-Ti-B addition. The reference
patterns for ac-AlFeSi and b-AlFeSi are shown above each XRD pattern. The reference pattern for b-AlFeSi was taken from the International
Centre for Diffraction Data database (file number 00-082-0546); however, there was no reference pattern for the metastable cubic ac-AlFeSi. A
theoretical XRD pattern for ac-AlFeSi was generated using Powdercell 2.0 software based on the crystal structure proposed in the literature.[35]

The enhanced intensity at 17 deg 2h can be explained by the preferred orientation of b-AlFeSi monoclinic platelets (the 004 reflection), which
was attributed to the sample mounting method for XRD. A correction factor was applied to the regression curve when estimating the relative
weight fractions to compensate for the enhanced peak intensity observed at 17 deg 2h[36]
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remarking physical contact between them in metallo-
graphic cross sections[44,45] or in TEM foil samples,[29,30]

both of which were two dimensional observations. One
study has suggested that thin plates of b-AlFeSi grew

from clustered TiB2 particles,[42] but the intermetallic
morphology did not resemble the rake structures
repeatedly observed here.
The formation of b-AlFeSi, in the absence of TiB2,

has been investigated in synchrotron in-situ studies[37,38]:

Fig. 3—Secondary electron (SE) images of typical extracted particles
from (a) alloy without inoculation; and (b) alloy with Al-Ti-B
addition.

Fig. 4—SE image of TiB2 particles among extracted particles from
the alloy with Al-Ti-B additions.

Fig. 5—SE image of (a) a piece of b-AlFeSi with a bilateral rake
structure on the side; (b) the rake structure in (a) at a higher
magnification; and (c) a further example of TiB2-b-AlFeSi rake
structure. EDX and WDX elemental maps acquired from the
TiB2-b-AlFeSi rake structure in (b) are shown in Fig. 6.
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b-AlFeSi formed either on or very close to a-Al or on
surface oxide, had a comparatively high initial lateral
growth rate (� 30 lms�1), and wrapped around the
primary ac-Al dendrites during growth. A period of
complex branching events followed, and the growth rate
slowed exponentially with time. It can therefore be
postulated that the b-AlFeSi particles shown in Figure 5
first formed somewhere on a cluster of TiB2 particles;
this is followed by lateral growth that gave rise to the
tines, before branching and further growth.

That ac-AlFeSi and b-AlFeSi had periodic structures
(folds in ac-AlFeSi and tines in b-AlFeSi) of similar
spacing (1 to 2 lm), and both were associated with �
10 lm TiB2 particle clusters, suggests that the formation
mechanism and conditions for the two intermetallic
phases may be similar, i.e. produced via a reaction type
that may be catalyzed by TiB2 clusters in the final stages
of solidification.

A. TiB2 Particle Influence on Intermetallic Phase
Nucleation

1. Impingement of TiB2 particles by the advancing
liquid/a-Al interface

In the presence of potent inoculants (TiB2), athermal
heterogeneous nucleation is the dominant grain

formation phenomenon whereby the largest TiB2 clusters
contribute to grain initiation events first.[19] Activation of
the smallerTiB2 clusters is subsequently suppressedby the
local recalescence from primary a-Al solidification, along
with any solute suppression effects near the grain due to
rejection of solute into a diffusion zone around the
grain.[18,46] These inactive clusters remain suspended in
the liquid (Figure 8(a)) and eventually, as solidification
proceeds, become impinged by the liquid/a-Al interface of
a primary a-Al grain, as it advances after the onset of free
growth and latent heat is progressively removed. There
could then be three possible outcomes. Firstly the
interaction of the liquid/TiB2 cluster, liquid=a-Al and
TiB2 cluster/a-Al surface energies (triple point) is such
that the TiB2 cluster is engulfed by the liquid/a-Al
interface. Likewise the same considerations lead to either
partial engulfment; or thirdly there is no wetting and the
cluster is pushed ahead by the liquid/a-Al interface. The
effectiveness of TiB2 in nucleating a-Al has been
attributed to the chemical and crystallographic affinity
of a-Al to the {0001} basal planes of individual TiB2

particles, especially if there is a thin layer of Al3Ti
[39,47];

however it is unlikely that theTiB2 prismatic planeswould
provide similar affinity.[48] A TiB2 cluster will have
exposed basal and prismatic planes will thus likely to be
only partially wetted/engulfed as shown in Figure 8(b).

Fig. 6—Elemental maps acquired from the TiB2-b-AlFeSi bilateral rake-like structure shown in Fig. 5(b): (a) Ti EDX map; (b) B EDX map; (c)
Fe EDX map; and (d) Si EDX map.
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2. Nucleation of AlFeSi intermetallic phase
Consider a dilute hypoeutectic Al alloy with a

composition C0 and a eutectic composition Ceut, where
C0 
 Ceut. As a-Al grains grow, the Fe and Si
concentrations at the liquid/a-Al interface, CL=a�Al, will
rise since, for dilute concentrations, the solid/liquid
partition coefficients for both Fe and Si in Al are <1, as
shown schematically in Figure 9.

The resulting solute profile ahead of the solid/liquid
interface can then provide a thermodynamic driving
force, as a result of solute undercooling, for the
formation of AlFeSi intermetallic phases. The length

scale over which solute undercoooling effects act is a
function of the solid/liquid interface velocity (which is in
turn dependent on the number and size of grains
initiated) and the diffusion coefficients of Fe and Si in
the liquid. In nonequilibrium solidification, the compo-
sition of liquid C� may become larger than Ceut, at
T<Teut. The solute-enriched liquid is undercooled by an
amount DTAlFeSi with respect to the AlFeSi phase
liquidus temperature at C�, thus the liquid is now
metastable. Assuming the liquid/a-Al interface is at
equilibrium DTAlFeSi is given by the difference between
T�
AlFeSi and T�

a�Al. However, recognizing that (i) the
temperature is now relatively low and diffusion com-
paratively slow, and (ii) the noncubic nature of b-AlFeSi
phase, nucleation may be relatively difficult to achieve
and thus solute undercooling, DTAlFeSi, of the Si- and
Fe-rich liquid may increase further.
At a certain critical value of DTAlFeSi, nucleation of

AlFeSi phase occurs somewhere on the liquid/a-Al
interface,[49,50] catalyzed by the TiB2 clusters. It is not
certain whether this nucleation event follows a classical
or athermal heterogeneous nucleation, although in
either case it is likely that the incipient AlFeSi by
eutectic reaction will form preferentially on the exposed
facets of TiB2 clusters (Figure 8(c)). From directionally
grown alloys studied using transmission electron micro-
scopy,[29,30] it was suggested that nucleation of b-AlFeSi
occurred preferentially on {0001} basal planes of TiB2.
This is the same set of planes on which athermal
heterogeneous nucleation of a-Al occurs[19,47]: primary
a-Al may have initially covered the exposed {0001}
planes at higher temperature, earlier stage of solidifica-
tion, but the a-Al may remelt near the eutectic

Fig. 7—SE image of (a) a piece of ac-AlFeSi with the lamellar
structure in the middle; (b) the lamellar structure in (a) at a higher
magnification; and (c) a further example of a TiB2- ac-AlFeSi
lamellar structure.

Fig. 7—Continued.
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temperature(s) because of the nonequilibrium build-up
of Si and Fe in the residual liquid and insufficient time
for the solid a-Al to adjust its solute concentration by
diffusion. Consequently, the TiB2 {0001} planes that
were initially obscured by a-Al may be reexposed to the
Fe- and Si-enriched liquid and become available for
nucleation of AlFeSi intermetallic phases.

As observed in Figures 5 and 7, TiB2 clusters were
associated with the formation of both intermetallic
types: the formation tendency for intermetallic of a
given type, in this case either ac-AlFeSi or b-AlFeSi, on
the exposed facets will depend on the local liquid
composition immediately adjacent to the TiB2 clusters,
which may vary significantly from place to place as
liquid is or is not interconnected through the extended
interdendritic channels, the extent of which will depend
on the shape and size of the primary a-Al grains.[51]

In the case of cubic ac-AlFeSi, the surface energies of
the principal facet faces are likely to be near isotropic.
The critical radius of a ac-AlFeSi nucleus forming on a
foreign substrate, in this case the exposed {0001} planes
on a cluster of TiB2, at an undercooling of DTAlFeSi

follows a modified version of Eq. [3][16,17]:

r�AlFeSi ¼
2 � cL=AlFeSi

DSVAlFeSi
� DTAlFeSi

½4�

where cL=AlFeSi is the free energy per unit area of the
liquid/ac-AlFeSi interface and DSVAlFeSi

is the entropy of
fusion per unit volume. In the case of monoclinic
b-AlFeSi, an additional geometric factor is likely to be
necessary to take into account the anisotropy in surface

energies on the different exposed facets. The observation
that b-AlFeSi shows no strong preferential nucleation
sites in the absence of grain refiners[38] supports that
nucleation of b-AlFeSi is difficult and requires a high
undercooling, and the availability of TiB2 clusters at the
liquid/a-Al interface reduces the energy barrier to
nucleation. Nevertheless if the composition of liquid
ahead of the liquid/a-Al interface as ‘seen’ by the
exposed TiB2 facets, C�, is of a concentration such that
DTb�AlFeSi � DTa�AlFeSi, this anisotropy contribution
to undercooling might be small, and nucleation of
b-AlFeSi is preferred over ac-AlFeSi.
It is likely that the proposed phenomenon of partial

engulfment of inactive TiB2 clusters at the liquid/a-Al
interface would be applicable to other Al systems and
that the exposed TiB2 facets could similarly provide
nucleation sites for other intermetallic type and facilitate
eutectic reactions; however the effectiveness of such TiB2

clusters in nucleating other intermetallic type would
almost certainly differ depending on various factors such
as lattice mismatch.

3. Cooperative and divorced growth of the Al/AlFeSi
eutectic
Once nucleation is catalyzed in the Fe- and Si-rich

liquid pockets, further nucleation is unlikely (unless the
liquid becomes further subdivided), and the AlFeSi
phase begins to grow along the liquid/a-Al interface
(Figure 8(d)), with a-Al/AlFeSi initially seeking to grow
side-by-side in a classical cooperative eutectic reaction,
resulting in the recurring, characteristic structures
observed among extracted AlFeSi particles. As there is

Fig. 8—A schematic showing the proposed mechanism of how TiB2 clusters influence the intermetallic phase formation: (a) an inactive TiB2

cluster ahead of an advancing liquid/a-Al interface, Si, and Fe rejected into the liquid; (b) impingement of the TiB2 cluster by the advancing
liquid/a-Al interface, and the cluster is partially wetted/engulfed; (c) classical or athermal heterogeneous nucleation of AlFeSi on exposed facets
of TiB2 in eutectic reaction, followed by onset of free growth for AlFeSi if nucleation is athermal; (d) the AlFeSi spreads along the liquid/a-Al
interface and the periodic eutectic structure starts to appear. This gives rise to the ac-AlFeSi lamellae or b-AlFeSi rake structures observed in
extracted particles, and the partial engulfment of TiB2 clusters leads to the observation of exposed TiB2 clusters in these AlFeSi structures after
the dissolution of a-Al in the extraction process.
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already solute pile-up at the liquid/a-Al interface,
short-range diffusion of Al, Fe, and Si is relatively easy
and the product phases of the eutectic reaction (a-Al,
AlFeSi) grow cooperatively, in either a regular (a-Al/
ac-AlFeSi) or irregular manner (a-Al/b-AlFeSi).[52–54]

As this is a relatively dilute alloy overall, there will be
a relatively high volume fraction of preexisting primary
a-Al when the eutectic reaction(s) take place, with the
last remaining liquid likely to be in the form of thin films
delineating the a-Al cells/dendrites. When the diffusion
distance between a-Al and AlFeSi is comparable with,
or smaller than, that required for cooperative eutectic
growth, there is no energy gain from forming triple
junctions between the liquid, a-Al and AlFeSi, and
AlFeSi and a-Al will then grow independently as
divorced eutectic, i.e. the intermetallic growth deviates
from the classical lamellar/duplex structure to thin
plates. The divorced growth of b-AlFeSi is in good
qualitative agreement with synchrotron studies of the

dynamics of b-AlFeSi growth in Al-	7:5Si-	
3:5Cu-	0:6Fe.[37,38]

V. CONCLUSIONS

Microstructural features have been identified as the
initiation points for b-AlFeSi intermetallic compound
(IMC) particle formation using extraction from an
inoculated aluminum casting, and clusters of TiB2 grain
refiner particles were commonly colocated with the same
particular IMC features. Initiation points for ac-AlFeSi
formation were also distinguished, showing the charac-
teristic lamellar structure, in the same casting even when
the overall intermetallic phase content was mainly of
b-AlFeSi; again these initiation points were commonly
associated with TiB2 particle clusters. Consequently, the
association of TiB2 with intermetallic phase was con-
cluded to be not ac- or b-AlFeSi phase specific. There
was also morphological evidence to suggest that, under
the set of casting conditions in this study, the initial
growths of both intermetallic phases were by coopera-
tive eutectic reaction before the reaction became
de-coupled.
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