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Nb-based intermetallics are, generally, low-density high-temperature mate-
rials used for structural applications or cryogenic superconductors. In this
work, we report the development of an Al(96)-Nb(2)-B(2) master alloy where
in situ-formed micrometric Nb-based intermetallics (i.e. NbBy and AlsNb) are
used for a completely different purpose: to promote the refinement of Al-Si
alloys by taking advantage of enhanced heterogeneous nucleation. Nb-based
intermetallics have the right characteristics, like low density, stability at high
temperature and good lattice match, to be used as heterogeneous nucleation
substrates. It was found that the addition of these Nb-based intermetallics
permits the significant refinement of the microstructural features of the Al-Si
alloy studied. The enhanced heterogeneous nucleation makes the grain size of

the material far less dependent on the cooling rate, which is one of the critical
parameters influencing the variation of the properties of the alloy.

INTRODUCTION

Niobium is a transition metal characterized by
some specific properties such as superconductivity
at the cryogenic temperature of 9.2 K. Due to its
outermost electronic configuration, niobium is able
to form different compounds. The two most common
Nb-based intermetallics are probably, niobium bor-
ides and niobium aluminides. Specifically, NbB, has
been extensively studied and it has been reported
that it exhibits superconductive transition beha-
viour depending on the stoichiometry of the com-
pound.’™ Niobium aluminides, specifically Al;Nb,
were developed due to promising attributes for high-
temperature applications such as high melting point
and low density,*® high strength over a wide range
of temperatures and good oxidation resistance.
These properties made them strong candidates for
advanced aeropropulsion systems and for other
high-temperature components, either as a coating
or as structural materials. Two of the previously
mentioned aspects (i.e. high-temperature stability
and low density) are fundamental prerequisites for
the development of potential heterogeneous nucle-
ation substrates for aluminium alloys, characteris-
tics which should be coupled with good lattice match
between the structure of the substrate and the
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nucleating phase. The most common example of
heterogeneous nucleation substrates added to a
molten metal to promote the heterogeneous nucle-
ation and, thus, the refinement of its microstructure
is the addition of Al-Ti-B master alloys to Al and
wrought Al alloys.*® These master alloys are
composed of Ti-based compounds (i.e. TiB, and
Al3Ti), and it is believed that nucleation is promoted
because TiB, acts as the actual heterogeneous
nucleation site, on top of which a thin atomic-scale
layer of Al3Ti is formed to reduce and accommodate
the lattice strain.'®!! This is because the lattice
mismatch between Al and AlsTi is lower than that
between Al and TiBs.'? Nevertheless, Al-Ti-B mas-
ter alloys are not extensively used in the case of cast
Al-Si alloys because titanium and silicon react
between themselves hindering the efficient refine-
ment of the alloy (this occurrence is known as Si
poisoning).'®!* Based on the promising character-
istics of the Nb-based intermetallics (i.e. NbBy and
Al3Nb), we analysed crystallographic databases and
found that Nb-based intermetallics, which have an
isomorphous structure and similar lattice parame-
ters to the respective Ti-based compounds, would be
successful candidates as heterogeneous nucleation
substrates for Al-Si alloys.'® In our first works,®'”
in which the Nb-based intermetallics were formed
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by adding Nb powder and KBF, flux to Al-Si alloys,
we demonstrated the grain refining potency of Nb-
based intermetallics on Al-Si alloys. The grain
refinement is not hindered even though niobium
can form silicides, as these intermetallic phases are
stable at much higher temperatures with respect to
their Ti-based counterparts. This means that their
kinetics are much slower, in particular at process-
ing temperatures typically used in Al foundries,
and, thus, no poisoning was detected.'®!” In this
work, we focused on the development of an Al(96)-
Nb(2)-B(2) master alloy, which has been found to be
easier to add to the melt, starting from a different
source of raw materials [i.e. Nb powder and Al(95)-
B(5) master alloy]. The aim of this work is to report
and discuss the employment of the (in situ-formed
micrometrics) Nb-based intermetallics for an alter-
native application rather than as a structural
material. Specifically, the grain refining effective-
ness of the Nb-based intermetallics is assessed on
an Al-Si casting alloy solidified using different
cooling rates.

MATERIALS AND METHODS

The raw materials employed in this study are
(values given refer to the weight of the elements
except where otherwise stated): pure aluminium
(purity >99.5), niobium powder (purity >99.8),
Al(95)-B(5) master alloy and a hypoeutectic Al-Si alloy
(Al-8.4Si-0.3Mg-0.13Fe). The required amounts of
aluminium, niobium and Al(95)-B(5) were prepared
in order to fabricate an Al(96)-Nb(2)-B(2) master alloy.
Aluminium was melted at 1063 K (790°C) for 3.6 ks
(i.e. 1 h) and, subsequently, the Al(95)-B(5) master
alloy was added to the melt and the temperature was
increased to 1123 K (850°C). After 3.6 ks (1 h) at
1123 K (850°C), niobium powder was added and left to
dissolve for 7.2ks (2 h) with intermediate stirring. The
microstructure of the Al(96)-Nb(2)-B(2) master alloy
was analysed using optical and scanning electron
microscopy (SEM). Understanding the fundamental
effect of the addition of Nb-based intermetallics on the
solidification behaviour was assessed by means of
thermal analysis (i.e. recording the cooling curves
using K-type thermocouples). For consistency, the
same setup was used for all the undercooling exper-
iments in which the thermocouple was placed in the
middle of the 10-cm-diameter crucible at a height of
5 cm from the bottom of the crucible. For the grain
refining experiments, 5% of Al(96)-Nb(2)-B(2) master
alloy (equivalent to 0.1% of Nb) was added to the Al-
8.4Si-0.3Mg-0.13Fe alloy melted at 1063 K (790°C)
and left in contact with the melt for 1.8 ks (i.e. 30 min).
Afterwards, the alloy was left to cool and poured from a
temperature of 1013 + 3 K (740 & 3°C). Reference
samples (without the addition of any master alloy)
were also cast under the same processing conditions
for the sake of comparison. In order to simulate the
cooling conditions of many industrial processes and,
thus, to solidify the alloy under a varying range of
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cooling rates, a wedge-shaped (copper) mould and a
cylindrical (steel) mould were used. Characterisation
was performed at both macro- and micro-level. Macro-
visual analysis gave a first insight of the effect of the
addition of the grain refinement whereas the
microstructural analysis permitted the quantification
of the grain size reduction as well as the effect of the
addition of Nb-based intermetallics on the other
microstructural features. Macro- and micro-etching
(i.e. anodising for grain size measurements) were
performed, respectively, by means of Tucker’s and
Barker’s solutions. The analysis of the microstruc-
tures was conducted using a Carl Zeiss Axioskop 2
MAT optical microscope and the linear intercept
method was used to determine grain sizes.

RESULTS AND DISCUSSION

Characterisation of the Al(96)-Nb(2)-B(2)
Master Alloy

Once produced, the Al(96)-Nb(2)-B(2) master
alloy was sectioned and analysed in order to confirm
the formation and presence of, as well as to char-
acterise, the (Nb-based) intermetallic compounds.
Optical microscopy revealed that the Al(96)-Nb(2)-
B(2) master alloy has a rather uniform distribution
of intermetallic phases dispersed and embedded in
the aluminium matrix as can be seen in Fig. la.
Moreover, it indicated that there were at least two
different types of intermetallics which differ in both
colour and size, the black ones being larger than the
dark grey ones.

Examining the master alloy with the SEM per-
mitted the confirmation of the formation and nature
of the Nb-based intermetallics (i.e. NbBy and AlsNb)
due to the reaction of niobium with boron or
aluminium, respectively (see Fig. 1b). Furthermore,
it was found that aluminium borides (with non-
stoichiometric composition AlB,, where x = 2-12 on
the basis of the semi-quantitative EDS chemical
analysis) were also present. They are thought to
derive from the employment of the Al(95)-B(5)
master alloy used as a source of boron because of
their less favourable enthalpy of formation in
comparison to niobium borides.'® Nonetheless, it is
also possible that some of them may have formed
during the fabrication of the Al(96)-Nb(2)-B(2) mas-
ter alloy. Although aluminium borides (AlB,) have
some refining effect on Al-Si alloys, their perfor-
mance is limited if titanium is present as an
impurity in the alloy.!® This is because aluminium
borides tend to transform to titanium borides due to
the greater stability of the latter. The Al-Si alloy
considered in this study has a relatively high
titanium impurity level (~0.1) and, therefore, the
great majority of AlB, will transform to Ti-borides,
which cause Si poisoning. Consequently, the refin-
ing effect of aluminium borides (AlB,) and Ti-
borides on the performances of the Al(96)-Nb(2)-
B(2) master alloy can be ignored.
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Fig. 1. Details of the nature and distribution of the intermetallic particles present in the Al(96)-Nb(2)-B(2) master alloy: (a) bright field optical

micrograph and (b) SEM picture.
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Fig. 2. Thermal analysis of the AI-Si alloy without (a) and with (b) the addition of the Al(96)-Nb(2)-B(2) master alloy.

Fundamental Effect of Nb-Based
Intermetallics on Nucleation

Thermal analysis, i.e. the measurement of the
cooling curve during the solidification of a metal,
has been proposed and used as an estimation of the
effect of the addition of heterogeneous nucleation
substrates and, thus, the effectiveness of a grain
refiner.?%?! The solidification curve of the Al-Si
alloy considered in this study (reference) is the
classical solidification curve with a valley, whose
minimum and recalescence temperatures are
887.0 K (614.0°C) and 888.4 K (615.4°C), as can be
seen in Fig. 2. The undercooling (AT) needed for
aluminium atoms to group into clusters and form
stable nuclei which subsequently grow into grains is
the difference between the two previously men-
tioned temperatures which, therefore, equals 1.4 K
(see Table I).

As can be seen in Fig. 2b, the introduction of the
Nb-based intermetallic particles displaces the cool-
ing curve to a higher temperature, which can be
expected when grain refiners are added.?*?%%% From
the analysis of the cooling curves (data reported in
Table I), it can be seen that the addition of the
Al(96)-Nb(2)-B(2) master alloy induces the reduc-
tion of the undercooling from 1.4 K to 0.3 K. The
reduction of the energy barrier needed for the

nucleation of the a-Al grains confirms the hypoth-
esis that the Nb-based intermetallics are good
potent heterogeneous nucleation sites for the nucle-
ation and growth of aluminium grains. Thermal
analysis was carried out with the aim of under-
standing the effect of Nb-based intermetallic parti-
cles and a reduction was expected on the basis of the
interrelationship which exists between the lattice
mismatch parameter (f) and the undercooling
(AT = of, where o is a variable that depends on
physical properties such as heat of fusion, molar
volume of crystals, etc.).?* It is worth recalling that
the fact that Nb-based intermetallics have good
lattice match with the Al nucleating phase was one
of the reasons why the Al(96)-Nb(2)-B(2) master
alloy was developed.

Assessment of the Effect of Nb-Based
Intermetallics on Microstructural Features

As just explained, the reduction of the undercool-
ing confirmed that enhanced heterogeneous nucle-
ation is the main solidification mechanism and,
consequently, because of the greater number of
nucleation events, a reduction in the final grain
size is expected. The comparison of the results
of the microstructural analysis of the Al-Si alloy
without (Fig. 3) and with the addition of the



1304

Bolzoni and Hari Babu

Table I. Results of the analysis of the cooling curves shown in Fig. 2

Valley minimum

Valley maximum

Material temperature [K (°C)] temperature [K (°C)] AT (K)
Reference 887.0 (614.0) 888.4 (615.4) 14
Al(96)-Nb(2)-B(2) master alloy addition 889.3 (616.3) 889.6 (616.6) 0.3

Cooling rate

Position

Fig. 3. Microstructural analysis results for the Al-Si alloy without the addition of the Al(96)-Nb(2)-B(2) master alloy.

Al(96)-Nb(2)-B(2) master alloy (Fig.4) is self-
explanatory. Nevertheless, there are some points
that should be stressed.

In the case of the reference (Fig. 3), as the cooling
rate decreases the size of the aluminium grains
(polarised light-coloured micrographs) increases sig-
nificantly passing from hundreds of microns to
millimetres. The fine grain microstructure at the tip
of the wedge-shaped sample is due to the very fast
heat extraction rate (~100 K/s at the point where the
micrograph was taken) and short solidification time
of the thin section. The distribution of the second
phase (silicon intermetallic) moves from rather
homogeneously distributed amongst the fine den-
dritic arms (fast cooling) to rather inhomogeneous
entrapment between the secondary arms of the
dendrites. No comment can be made about the
morphology of the secondary Si eutectic phase as
the Al-Si alloy comes already modified (i.e. with the
addition of strontium to change the morphology from
plate-like to fibrous).2® These variations indicate that
the nucleation process mainly depends on the way the
heat is extracted from the solidification front and
solute rejection. It is worth mentioning that

columnar grains and the columnar/equiaxed transi-
tion zones are present in the reference material,
especially at relatively slow cooling rates (i.e. cylin-
drical sample). After the addition of the Al(96)-Nb(2)-
B(2) master alloy, itis clear that the grain structure is
finer in each section (i.e. regardless of the cooling
rate) and that the increment in the grain size with the
decrement of the heat extraction rate is far less
pronounced (Fig. 4) with respect to the reference
material (Fig. 3). That is, the introduced Nb-based
intermetallics actually act has heterogeneous nucle-
ation sites for the «-Al grains, enhancing their
formation (grain refinement), making the solidifica-
tion process less dependent on the heat extraction
from the solidification front and solute rejection. A
direct consequence of the finer structure of the
aluminium grains is a more uniform distribution of
the secondary phase due to the more even scattering
of silicon when rejected from the solidification front or
in the solute-rich pools remaining in interdendritic
regions. Trace elements introduced into the melt via
the use of the Al(96)-Nb(2)-B(2) master alloy also
contribute to growth restriction during solidification.
Nevertheless, their effect is not as critical, as in the



Heterogeneous Nb-Based Nuclei for the Grain Refinement of Al-Si Alloys 1305

Cooling rate

Position

Fig. 4. Microstructural analysis results for the Al-Si alloy with the addition of the Al(96)-Nb(2)-B(2) master alloy.
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Fig. 5. Variation of the grain size as a function of the cooling rate.

case of refinement of pure aluminium, due to their
relatively low contribution in comparison to the effect
of amount alloying elements of the Al-8.4Si-0.3Mg-
0.13Fe alloy. It is worth mentioning that the addition
of the Al(96)-Nb(2)-B(2) master alloy did not affect
the Si modification because the eutectic phase is still
characterised by a fibrous morphology after grain
refinement (Fig. 4). Finally, the enhanced heteroge-
neous nucleation promoted by the Nb-based inter-
metallics suppresses the columnar/equiaxed
transition zone in addition to the formation of
columnar grains, especially at low cooling rates.
The grain refining effectiveness of the Nb-based
intermetallics as a function of the cooling rate is
shown in Fig. 5.

The trends of the grain size with respect to the
cooling rate, shown in Fig. 5, are as expected from
the microstructural analysis, and it was quantita-
tively proven that the difference between the Al-Si
alloy grain size without and with the addition of the
Al(96)-Nb(2)-B(2) master alloy decreases with
increasing the cooling rate. This does not mean that
the effectiveness of the Nb-based intermetallics in
promoting heterogeneous nucleation decreases,
rather that the heat extraction mechanism becomes
more important for higher cooling rates. The plot-
ting of the data in logarithmic scales (Fig. 5) gives
as a result two linear straight lines and the
experimental data from the microstructural analy-
sis can reasonably be represented by power-law
equations (R? > 0.95). On the basis of this equation,
the grain size is proportional to the cooling rate
although there are two experimental parameters
that must be determined (i.e. grain size = f-(cooling
rate™) where f is the pre-exponential constant). It is
worth mentioning that both f and n are composi-
tion-dependent. In the literature, it can be found
that the distance between the arms of the primary
dendrite depends on, apart from other physical
parameters, the growth velocity and the tempera-
ture gradient.?® Assuming that there are no signif-
icant variations in the physical parameters (such as
the Gibbs—Thomson coefficient) due to the addition
of the Al(96)-Nb(2)-B(2) master alloy, the variation
of the grain size can actually be estimated as
proposed, with power-law equations.?” The lower f
and n parameters of the alloy refined by means of
the addition of the Al(96)-Nb(2)-B(2) master alloy is
a further indication that the grain size and, thus,
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the nucleation/growth depends less on the thermal
processing parameters and in particular the cooling
rate.

CONCLUSION

In this study, micrometric Nb-based inter-
metallics were formed in situ in an Al(96)-Nb(2)-
B(2) master alloy in order to take advantage of their
intrinsic characteristics such as low density and
high-temperature stability. This work demonstrates
that Nb-based intermetallics can successfully be
used to refine the microstructural features of Al-Si
alloys because they act as heterogeneous nucleation
substrates and promote the formation and growth of
o-Al grains. This is possible because Nb-based
intermetallics present low lattice mismatch (30.6
and 4.2 for NbB; and Al3Nb, respectively) with
the crystal structure of the aluminium grains. From
the experimental results, it is concluded that
the addition of Nb-based intermetallics makes
the solidification process and the corresponding
microstructural features less sensitive to the cooling
conditions as well as being much finer and more
uniformly distributed.
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