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Effects of Native AIN Particles on Heterogeneous
Nucleation in an Al-3Fe Alloy

ZHONGPING QUE and CHAMINI L. MENDIS

The naturally formed inclusions in an Al-3Fe alloy were investigated using a pressurized melt
filtration technique. Naturally formed AIN particles with a rodlike morphology and a size
distribution between 200 nm and 4 um coexist with the native Al,O;5 particles in the Al-3Fe
alloy. These native AIN particles were investigated with scanning electron microscopy (SEM)
and high-resolution transmission electron microscopy (HRTEM). A well-defined orientation
relationship (OR) between AIN and a-Al was found from the AIN particle embedded in a-Al. A
tilt angle of 5.8 deg was observed between {111}a-Al and {0001} AIN at the «-Al/AIN interface.
The atomic matching for the a-Al/AIN interface was investigated by considering interfacial
segregation on the AIN particles. The heterogeneous nucleation potency of the native AIN
particles was investigated. Although these native AIN particles can nucleate the «-Al, the
contribution is very small. This contribution reveals the heterogeneous nucleation of «-Al on the
native AIN particles and the competitive relationship between the native Al,O3 and AIN as the
nucleation substrates. The surface modification of the native AIN in Al alloys containing
multiple alloy elements and the corresponding effects on the heterogenecous nucleation were
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I. INTRODUCTION

THE naturally forming inclusions in Al melts were
generally considered to be harmful to casting alloys, as
these large inclusion films in the melts generate casting
defects. With the recent developments in heterogeneous
nucleation theory,!'™# pathways are developed to use
these inclusion particles to nucleate a-Al and primary
intermetallic phases. Melt conditioning technologies,
such as intensive melt shearing,”> ® which aims to break
the inclusion films and distribute the particles uniformly
through the melt, have been developed. The current
research on native inoculant use in Al alloys mainly
focuses on naturally formed oxides such as «-Al,O3,
y-ALO5;, MgAlLO,, and MgO.” "*! Although other
common inclusions, including carbides, borides,
nitrides, chlorides, and fluorides, were reported,!'* '
the nucleation potency of these particles in «-Al has not
been reported widely. AIN was observed to naturally
form in Al-3Fe alloy and coexist with Al,O3 particles.
The major inoculant in this alloy is ¢-Al,O3 (Mg-free Al
alloy). Although AIN was calculated to be not potent
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for the heterogeneous nucleation of a-Al due to the large
misfit between AIN and o-AL!'¥ an orientation rela-
tionship (OR) was observed between AIN and «-Al in
this study, which indicates the possibility of the hetero-
geneous nucleation.

In the last decades, the progress on the understanding
of the grain refinement mechanism of a successful
Al-5Ti-1B grain refiner has improved understanding of
the heterogenous nucleation.”®*) The nucleation
potency depends on many factors, where the interfacial
conditions of the substrates, such as misfit between the
solid and substrate, is one of the most important. Recent
research shows that the interfacial segregation on
nucleation substrates could significantly change the
nucleation potency,”®>¥ tuning the potency of particles
higher or lower. When the alloy melt contains multiple
nucleation substrates, the heterogeneous nucleation
becomes much more complicated. There is competition
among the external grain refiners and the various types
of native oxides, even though the competition between
the various native oxide particles remains unclear.

In this article, the nature of the native AIN particles
was investigated with scanning electron microscopy
(SEM) and transmission electron microscopy (TEM).
Additionally, the interfacial conditions of AIN, such as
interfacial segregation, were investigated based on the
OR between the native AIN particles and «-Al. The
grain refinement efficiency depends on multiple factors,
including particle size, size distribution, and number
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density of nucleation substrates.”” For example,

although one type of particle in the melt is very potent
for the nucleation of ¢-Al, it may not contribute much to
the final grain refinement if there is a low number
density of particles or no desirable size distribution.

II. EXPERIMENTAL

The Al-3Fe alloy investigated in this work has a
composition of 2.8 pct + 0.3 pct Fe (all compositions in
wt pct). The melting temperature, calculated using the
Pandat thermodynamic software with the Scheil model,
of this alloy is 701 °C. The starting materials used in this
work were commercial purity Al (>99.86 wt pct) and
Al-45 wt pct Fe master alloy. The Al-Fe master alloy
was added into the pure Al melt and stirred until fully
molten. The Al-3Fe alloy melt was prepared at 750 °C in
an electric resistance furnace with sufficiently long
holding time to ensure the chemical homogeneity of
the melt. In order to facilitate direct examination of
inclusions, a pressurized melt filtration technique was
used on the alloy melt to collect the inclusion particles.
The alloy before and after pressurized filtration was cast
into a TP1 mold preheated to 380 °C.*®

Samples for the as-cast microstructural characteriza-
tion were prepared from the cross section of TPl
samples at the 38-mm heiéht from the bottom, which
was solidified at 3.5 K/s.”® The filtered sample was
prepared from the samples collected via pressurized
filtration to concentrate the inclusion particles following
the standard metallographic procedure. The microstruc-
ture characteristics of the samples were examined using
a Zeiss optical microscope fitted with the Axio Vision
4.3 image analysis system and a Zeiss Supra 35 field
emission gun—scanning electron microscope, operated at
an accelerating voltage between 5 and 20 kV. To observe
the three-dimensional (3-D) morphology of the native
particles, the sample was gently etched in 10 vol pct HCI
in water for a few seconds and cleaned in ethanol. The
filtration materials immediately above the filter were
sectioned and prepared for the transmission electron
microscopy (TEM) examinations using a Gatan preci-
sion ion polishing system. TEM examination was
performed on a JEOL* 2100F transmission electron

*JEOL is a trademark of Japan Electron Optics Ltd., Tokyo.

microscope equipped with energy-dispersive X-ray spec-
troscopy (EDXS) operated at 200 kV. All of the phases
investigated in this study were identified using
SEM-EDXS and high-resolution TEM (HRTEM)
analysis.

III. RESULTS

The as-cast microstructure of Al-3Fe solidified at 3.5
K/s was displayed in Figure 1(a). This figure shows that
the microstructure consists of primary Fe-containing
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Fig. 1—(a) Optical microstructure of Al-3Fe solidified at 3.5 K/s,
showing some primary FIMC particles and some «-Al dendrites with
eutectic structure; (b) magnified OM image, showing the primary
AljsFey particles with the associated (AljzFe; + «-Al) eutectic
structure; and (¢) SEM-BSE image of prefill sample above the filter,
showing some platelike primary FIMC particles and concentrated
oxide films (black).

intermetallic compounds (FIMCs), and the surrounding
(o-Al + FIMCs) eutectic, primary o-Al, and surround-
ing (a-Al + FIMCs) eutectic are displayed. The FIMCs
in this sample were identified as 6-Al;3Fes in both
primary and eutectic structures. The magnified image
(Figure 1(b)) shows that the primary Al 3Fe, phase has
starlike morphology and the associated binary eutec-
tic-Al;3Fe, connected with the primary AljsFe, parti-
cles. The SEM-backscattered electron (BSE) image
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shown in Figure 1(c) shows the microstructure of the
filtered sample just above the filter. The image shows
primary platelike and eutectic 0-Al;;Fe,4 (bright) in the
o-Al matrix and large concentration black films identi-
fied as native inclusions later. The details of these black
films are shown in Figures 2 and 3.

The black films in Figure 1(c) were further observed
using SEM with an in-lens detector, and the results are
shown in Figures 2 and 3. Figure 2(a) shows the native
inclusion particles near porosity in the filtered sample
and shows the 3-D morphologies of these inclusion
particles. The oxide films (Figure 2(a)) mainly contain
compacted and some needlelike particles. The com-
pacted particles identified as Al,O5 later have hexagonal
morphology with size distribution around 1 um, and
were observed to be associated with the long large
Alj;Fey plates (Figure 2(b)).

The naturally formed inoculant particles collected
from the Al-3Fe alloy contained two different types of
particles, which were identified as o-Al,O5 particles
(major) and AIN particles (minor) with SEM with
energy-dispersive X-ray analysis and, subsequently, with
TEM. Figure 2(a) shows that the major Al,Oj3 particles
distribute in most of the oxide films. However, the AIN
particles can be observed only along the bifilms, as
shown in Figure 3(a). The 3-D morphology of those
double films after etching is shown in Figure 3(b) with
hexagonal particles at the center of the double films and
the long rod particles distributed along the surface.
These smaller hexagonal particles and rodlike particles
have size distributions from 50 to 200 nm and 200 nm to
4 um, respectively. The typical SEM-EDXS spectra
from both long rods and hexagonal particles are shown
in Figures 3(c) and (d), respectively.

The rods mainly contain Al and N with similar atomic
fractions of Al and N. The smaller hexagonal particles
located in the center of the oxide films contained Al and
O, with the amount of O much higher than that of AL
These particles were identified as AIN and a-Al,O5; with
further TEM analysis. The TEM-EDXS results indi-
cated that the long rods have a composition of N50.2 +
0.2 at. pct and Al49.8 £ 0.2 at. pct. The AIN particles

observed in this study have a wider range of sizes than
those reported in the pure Al melt.!'”!

TEM examination shows that these AIN particles
have the hexagonal crystal structure with a = 3.13 &+
0.01 A, ¢ = 4.88 +£0.01 A, and they are (0001) faceted,
as illustrated in Figure 4. Most of the AIN particles have
no specific in-plane OR with «-Al. However, when AIN
particles are embedded in the a-Al grains, these particles
have specific OR with «-Al (Figure 5). The interface
between AIN and the adjacent «-Al is observed with
HRTEM (Figure 5(a)). The indexed selected area elec-
tron diffraction (SAED) patterns of both o-Al and AIN
are shown in Figures 5(b) and (c), respectively. When
the incident electron beam is parallel to [110] of a-Al and
[2110] of AIN (Figure 5(a)), the indexed diffraction
patterns show an OR between «-Al and AIN as 5.8 deg
(111)2-Al//(0001)AIN and the [110]a-Al// [2110] AIN.
This OR provides direct evidence confirming that the
in-situ AIN particles nucleate o-Al in Al-Fe alloys.

IV. DISCUSSION

A large number density of a-Al,O3; was observed as
the major native inclusions, and a smaller number
density of native AIN particles was observed along the
double-side oxide films in an Al-3Fe alloy. The average
AIN particle size (~2 um) is larger than that of «-Al,O;
(=200 nm). Most of the AIN particles were distributed
along the double films and a-Al,O3 particles distributed
in the center of the double films. These AIN particles
have (0001) terminated planes. The well-defined OR
between o-Al and the native AIN particles revealed that
the native AIN particles in Al-3Fe can heterogeneously
nucleate o-Al.

Fe and Si are common impurities in Al alloys. In this
study, the native AIN particles were generated in an
Al-3Fe¢ alloy melt that contains Fe and Si as impurities.
The solutes or impurities in the melts can segregate to
the interface or chemically interact with the surface of
substrates to modify the surface condition and then
change the heterogeneous nucleation potency.”’ %! For

®)

Fig. 2—SEM analysis with in-lens detector, showing the 3-D morphology of oxide films in the filtered sample: (a) a large amount of compacted
and needlelike particles and (b) compacted particles having hexagonal morphology associated with the Al 3Fe, phase.
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Fig. 3—SEM analysis with in-lens detector of (a) the double oxides film, showing some larger long rod particles (AIN) along the film and some
smaller particles (Al,O3) in the middle of the film; () 3-D morphology of the double oxide film, showing that the larger particles are in long rod
shape and the smaller particles are in hexagonal shape; (¢) EDXS spectrum, showing that these long rod particles contain Al and N and their
ratio is close to AN = 1:1; and (d) EDXS spectrum, showing that the hexagonal particles mainly contain Al and O.

(b)

Fig. 4—(a) Bright-field TEM image, showing an AIN particle embedded in «-Al matrix and the SAED pattern of (b) AIN viewed along the
[2110] zone direction, showing that this AIN particle has {0001} faceted planes.

example, the TiB, particles with a clean surface are not master alloy refine the «-Al by interacting with the

potent to nucleate o-Al, due to the large misfit between excess Ti, forming Al;Ti two-dimensional compound
TiB, and a-Al. However, the TiB, particles in Al-5Ti-1B (2DC).”% The latest research shows that this Al;Ti 2DC
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Fig. 5(a) HRTEM image, showing the AIN/o-Al interface with
incident electron beam parallel to [110] of a-Al and [2110] of AIN;
(b) the SAED pattern of AIN and «-Al viewed along the [110] of
a-Al and [2110] of AIN; and (c) the indexed pattern corresponding
to (b), revealing an OR between a-Al and AIN: (111)Al//5.8 deg
(0001)AIN and [110]Al//[2110] AIN.

is destroyed by parts per million level Zr addition or
higher than 3 wt pct Si.*'* 2! This indicates that the
nucleation potency of substrates can be changed signif-
icantly by the condition of the interface, such as
interfacial segregation or interfacial chemical interac-
tion. These interfacial modifications occur on the wetted
externally added particles and also on the naturally
formed inclusions. The interfaces in the native inclusions
can be even easier to modify due to the better wettability
in the melts.

The angle (5.8 deg) between the {111}a-Al and
(0001)AIN suggests that the (0001) planes of AIN in
this alloy may be modified due to segregation effects.
This modification of the interface of AIN could be due
to the elemental segregation or chemical interaction with
the surface to form ordered atomic layer(s). The real
nucleation interface is not {111},.4;//(0001)an, but
should be {111}, ,//(0001)an considering the tilt
angle. Consequently, the OR between o-Al and the
native AIN particles in this study could be analyzed as
{L11%, Al//(0001) Apn-

When the tilt angle is 5.8 deg, the parallel plane of
a-Al is calculated as (554),.1. Therefore, the real OR
between o-Al and AIN is (554),.41//(0001)on and
[110]a-Al//[2110]AIN. The misfit between a-Al and
AIN was calculated according to the lattice parameters
of a-Al and AIN considering the thermal expan-
sion.”” 3% The calculation results show that the misfit
between the (554)a-Al and the (0001)a;n is 1.7 pet,
which is much larger than the smallest misfit (0.1 pct)
with 1 deg tilt angle. This discrepancy shows that the
interface between the a-Al and the native AIN particles
might be modified. Here, the lattice mismatch between
the {111}, 4 and modified (0001)on needs to be
reconsidered. The misfit calculation in Table I is not
suitable for nucleation of solid a-Al and the modified
nucleation substrate (AIN). Other factors, such as
surface roughness and interfacial segregation, need to
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be considered to understand the nucleation process in
this case.

The comparison of the interfacial atomic matching
between the (111),.4; on the clean (0001)an and that
with interfacial segregation of (0001)spy is simulated
and is schematically shown in Figure 6. Figures 6(a) and
(b) show the simulation results with Crystal Maker
software on interface atomic matching. Figure 6(a)
shows the atomic matching between the o-Al and the
clean (0001)a;n surface, indicating that the lattice
matching is not very good. However, according to the
OR of the TEM observation, when the (554),.4;
nucleates and templates on the clean surface of the
(0001) planes of AIN particles (Figure 6(b)), the coin-
cidence site lattice (CSL) on the atomic templating
layers on the AIN surface is very large. According to this
simulation, a large number of vacancies will be required
at the (554),.a1//(0001)5n interface, which is very
unlikely.

The segregation of absorbed elements to the surface
of AIN to modify the nucleation potency was consid-
ered, and the conditions at the interface during the
heterogeneous nucleation process were reinvestigated
(Figures 6(b) and (d)). In the liquid melts, the Fe solute
in Al-Fe alloy and the other impurities, such as Si, can
segregate on the surface of AIN particles or have a
chemical interaction with the surface atoms of AIN
particles. The interfacial segregation of different ele-
ments and the atomic radii difference among these
segregation elements may generate some defects, such as
vacancies at the AI/AIN interface, which might cause a
rougher surface on the faceted (0001)AIN. The interfa-
cial segregation and the vacancies on the nucleation
substrates change the atomic templating (prenucleation)
on the substrates. Therefore, during the nucleation
process, the initial templating layers must contain lower
numbers of atoms and have larger CSLs for lattice
matching, which can be considered as the higher indexed
planes of «-Al. After nucleation, the nucleated o-Al
continuously grows.!

However, as reported,m] the AIN was considered to
not be potent for the heterogeneous nucleation of o-Al.
Therefore, the nucleation of «-Al on native AIN
particles and its contribution to the final grain refine-
ment need to be further discussed in light of the number
density of AIN particles. In liquid, melts containing
numbers of different elements might modify all kinds of
native inclusions, including AIN and Al,Os3, which
change the nucleation potency in the meantime.
Although the TEM results (Figure 5) show direct
evidence that the native AIN particles nucleate o-Al,
the tilt angle between the AIN and «-Al also indicates
that the AIN particles with clean surface may not be
potent for the heterogeneous of a-Al.

A nucleus formed during the nucleation stage may not
necessarily lead to a grain in the solidified microstruc-
ture. According to the grain initiation theory,®" % the
nuclei with a radius (r) can only freely grow with a free
growth undercoolingATy,, where r is the radius of the
smallest sphere of the solid phase that engulfs the entire
nucleate particle; thus, r equals the largest dimension of
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Table I. Lattice Parameters of Oxides and the Misfits between These Oxides and the a-Al
Thermal Expansion Crystal Close-Packed Close-Packed  d(hkl) Misfit with
Phase (Temperature (°C)) Structure a ¢ Plane Row (nm) a-Al (Pct)
a-AIP423] 660 fee 0.41255  0.41255 {111} <110> 0.2382 0
AINP7-28] 666 hexagonal 0.31219  0.49917 {0001} 2110 0.4992 — 46
a-Al,O5 650 hexagonal 0.47789  1.30485 {0001} <1100> 1.3049 — 8.7
7-AlL,O3 660 cubic 0.800479 — {111} <110> 0.4622 3.1

Table considers all of the lattice parameters with the thermal expansion. The misfit was calculated according to the closed-pack planes of a-Al

and the oxides.
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Fig. 6—(a) and (b) Atomic matching at the interface with Crystal Maker software with the crystal lattice parameters (a) (lTl)JllO]a—Al//
(0001)[2110]AIN, (b) (554) [110]2-A1//(0001)[2110] AIN, and (c) and (d) schematics showing the interfacial atomic matching (c) (111)x-Al on
clean (0001)AIN and (d) (554)a-Al nucleated on the (0001)AIN, which has interfacial segregation.

the nucleate particle. Grain initiation is governed by the
free growth criterion:*?

2r
ATpe=—-

The average size of AIN is much larger than those of
the major native Al,Os particles. Therefore, the o-Al
grains that nucleated on the larger AIN particles can
freely grow more easily than those on the small Al,O3
particles. However, due to the very small number
density, even if all of the a-Al grains nucleated on the
native AIN particles can freely grow, the contribution of
AIN particles to the final grain refinement is very small.

Therefore, the nucleation of «-Al on the native AIN
particles can be understood from two perspectives.
There are at least two types of native inclusion particles,
AIN and Al,O;, in the Al alloys in this study. These
particles compete to work as the nucleation substrate.
When these particles have a clean surface, the nucleation
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potency can be compared according to the calculation of
the misfit between these native particles and «-Al
(Table I). However, our experimental results show that
the surface of these native particles was possibly
modified by the interfacial segregation of different types
of solute elements in the Al alloys. The nucleation
potency became unpredictable. The experimental results
show that the native AIN with interfacial modification
did nucleate a-Al, which indicated that the AIN particles
after interfacial modification became potent for the
nucleation of «-Al. However, the number density of AIN
is much lower than that of the major Al,O5 particles.
The AIN can be observed only along the double side
films. Therefore, the contribution of AIN particles has
little effect on the final grain refinement. However, this
study indicates the possibility of the heterogeneous
nucleation of a-Al on the native modified AIN particles,
which can act as competitive nucleation substrates
especially when the casting conditions change.
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V. CONCLUSIONS

The main results are summarized as follows. Al,O3; was
observed as the major oxide in Al-3Fe alloy. The AIN
particles, which have long rod morphology and sizes
between 200 nm and 4 um, naturally form in Al-3Fe alloy
and distribute along the double oxide films. A well-defined
OR between a-Al and AIN was observed as (111)Al//5.8
deg (0001)AIN and [110]Al// [21 10] AIN. The nucleation
potencies of AlL,O; and AIN for different phases, such as
AljsFes and o-Al, are changed and become unpre-
dictable due to the interfacial segregation. Therefore, the
AIN particles in some bifilms are possible to nucleate a-Al.
However, the nucleation rate of the Al on the native AIN is
very low due to the low number density of agglomeration
bifilms. Therefore, the contribution of native AIN to the
grain refinement is very limited.
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