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Secondary-sourced recycled aluminium alloys can exhibit high levels of different impurities. It is
well known that the presence of iron, the most common impurity, can lead to the formation of hard
and brittle intermetallic phases which are detrimental to the machining properties and the mechanical
behaviour of the material in service. The purpose of this work is to study the nucleation and growth of
the f-AlsFeSi intermetallic phase in the framework of the eutectic reaction: Liquid — a-Al +
[-AlsFeSi. In situ X-ray microtomography has been used to investigate the formation of the irregular
eutectic f-phase plates during the solidification at low cooling rate of an Al-8Si-4Cu-0.8Fe alloy. The
results show that only a few plates form, nucleating early near the sample surface. Next, growth
occurs very rapidly in the principal growth direction and slowly in the thickness direction. The plates
are highly branched and appear to form as a divorced eutectic, i.e. not coupled with the a-Al. These
features are inconsistent with the common irregular eutectic solidification theory based on the
Jackson and Hunt model.

Keywords: X-ray microtomography; Fe-containing intermetallics;, Aluminum alloys, Solidification
microstructure, Eutectic solidification.

1. Introduction

In commercial aluminium alloys, iron is a common impurity and can lead to the formation of hard and
brittle f-AlsFeSi intermetallic particles generally via a binary eutectic reaction (Liq. — o-Al +
[-AlsFeSi) at moderate Fe contents [1]. The f-AlsFeSi phase (referred to as £ phase throughout) is a
highly faceted phase which forms as an irregular eutectic together with a-Al. While regular eutectic
growth is the subject of a properly constructed theory, the formation of irregular eutectics is poorly
understood. Only a few models describing the growth of irregular eutectics are presented in the
literature [2,3]. These are all largely extensions of the Jackson and Hunt theory [4] describing regular
eutectic growth. The aim of this work is to shed light on the formation of the f phase in the context of
a better understanding of solidification of irregular eutectics. For this purpose, synchrotron X-ray in
situ tomography has been used to observe in 3-D and real-time the solidification at low cooling rate of
an Al-Si-Cu-Fe alloy.

2. Experimental Procedure

An Al-8%Si-4%Cu-0.8%Fe' alloy was prepared by mixing aluminium (99.94% purity), Si metal
(99.5% purity), copper (electrical-grade Cu bar) and a commercial Fe-20%Al master alloy. A small
1.5 mm diameter cylindrical specimen was machined from the casting and used in the synchrotron in
situ solidification experiment. The experimental set-up for the in situ microtomography is similar to

' All alloy compositions in this paper are expressed in weight %.


https://core.ac.uk/display/15114029?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

1274

that used in previous work [5,6]. The sample was heated at 20°C min” to a temperature of 620°C and
held isothermally for 5 min to ensure complete melting. It was then cooled down at 1.4°C min™ until
complete solidification had occurred. Throughout the experiment, the specimen is supported by its
own oxide skin and thus remains close to its original shape.

Microtomographic imaging was performed throughout the whole cooling process. 600 X-ray
projections were taken during each 180° rotation of the sample. The scan time to complete the 600
projections is about 36 s and the total time for each full 180° scan and return to original position is
about 57 s. The voxel size was set to (1.4 um)’, and 1024° voxels of data is then gathered in each full
scan to image the whole sample. Classical image corrections involving dark field images, flat field
images and a ring-artefact correction algorithm were applied before the final 3-D reconstruction [7].
After reconstruction, in order to perform calculations with a conventional computer, a voxel binning
technique has been applied to reduce the image size from 1024° to 512° voxels whenever calculations
were performed on the whole volume. Otherwise, crops were made on the full resolution images in
order to analyse particular regions of interest in greater detail. A noise reduction treatment (3-D
median filter) was then applied to the raw images and a combination of thresholding, erosion, dilation
and a 3-D region growing algorithm were used to distinguish the S phase plates from the rest of the
sample. ImageJ software was used for these image treatments while the 3-D measurements and
visualisations were performed with Amira® software.

3. Results and Discussion

The first reaction observed during solidification of the alloy (at about 595°C) is the formation and
growth of the primary a-Al dendrites, appearing slightly darker than the liquid. The second reaction
is the nucleation and growth of the S-AlsFeSi phase, which appears very bright due to its high content
of highly absorbent Fe atoms. This phase starts to nucleate at 584°C and its growth is largely
completed by 557°C. At about 569°C the formation of the Al-Si eutectic in then observed. The
acicular silicon phase appears in dark contrast in the tomography images. Fig. 1 shows these different
phases coexisting at 555°C. Once a temperature of 518°C is reached, the remaining liquid then starts
to transform into the complex eutectic containing the Al,Cu phase. Despite slight variations in
temperature values, the temperatures of these key reactions are consistent with the literature [8] and
the predictions from the Thermo-Calc® software.

Fig. 1. Vertical slice extracted
from the 3-D reconstructed
X-ray tomography volume
showing the different phases
observed at ¢ + 45.6 min
(555°C): (a) liquid, (b) o-Al
dendrite, (c) f-AlsFeSi plate,
(d) Al-Si eutectic and (e) outer
oxide skin.

3.1 Nucleation of the # phase
Analysis of microtomography data has shown that only four independent S phase nucleation
events occurred in the whole reconstructed volume (~ 2 mm®) during the pre-Al-Si eutectic period.
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The observed nucleation rate is lower than that suggested by Lee et al. [9,10] in a post-mortem
tomography study performed on a similar alloy. This result may be associated with the much higher
cooling rate in their work (20°C min™) compared with 1.4°C min™ in the current work. However, as in
the present study, some plates which nucleated outside the reconstructed region can grow into the
imaged volume and become partially observable later. By performing a post-mortem analysis it is not
possible to distinguish the plates that have nucleated outside the considered volume and therefore the
nucleation rate appears higher than it actually is. During the solidification process, the complexity of
the microstructure continually increases as the volume and the number of solid phases increases. It
should also be noted that additional S nucleation events may have occurred later during the Al-Si
eutectic growth period, in a ternary eutectic reaction. In a few cases it is hard to distinguish, without
ambiguity, between a new nucleation occurring from the outer oxide and a branching event from a
previously existing /3 plate. These cases involve a very small fraction of the total volume of S phase
and are not discussed further in this paper.

It was observed that the four S phase nucleation events, which occurred before the formation of
Al-Si eutectic, are all initiated at the surface of the sample. Fig. 2 shows the 3-D sequence of the
nucleation and growth of these f plates. The first nucleation occurs at ¢y + 24.7 min and the three
others plates appear simultaneously at 7 + 27.6 min (Fig. 2a).

Fig. 2. Sequence of fully reconstructed sample volumes showing the four surface-nucleated f plates
at several time steps. The top-down images (a) to (e) correspond to the time steps (a) zp + 27.6 min, (b)
tp+28.5 min, (c) tp + 29.5 min, (d) #y + 30.4 min, (e) #p + 32.3 min and the oblique view image to the
time step (f) #) + 32.3 min.

As the plates grow, the S phase, which was previously confined to the periphery of the sample,
reaches the centre of the sample (Fig. 2e-f). During the cooling process, the increasing volume of
aluminium dendrites combined with the volumetric shrinkage of the sample leads to increasing
contact and interaction between the plates, branches and dendrites. The f plates can then become
detached from their original nucleation site. Consequently, once the sample is fully solidified, some
plates may appear disconnected from other plates or to the outer boundary. A post-mortem
observation can therefore give the impression that these plates were nucleated in the bulk of the
sample. In the present study, detailed examination of the plate evolution, in each case where this
occurred, revealed an original contact point with another S plate or with the outer oxide skin.



1276

Several authors have suggested that aluminium oxide can be a nucleant for the S phase [11-13].
The observation that all nucleation occurred on the outer oxide skin of the sample is in agreement
with this idea. However, in the literature, two principal mechanisms have been proposed for
nucleation of £ phase: (i) nucleation on small entrained oxide films called “bifilms” within the melt
thus yielding centreline cracks observed in many S plates [11-13], and (ii) nucleation on AIP particles
[14-16]. Clearly neither occurred in this study and no nucleation of S phase occurred in the bulk
liquid. Nevertheless, this should not be taken as evidence against either mechanism, since neither was
varied in a controlled manner in our work. This would be an interesting topic for future study.

Observation has also shown that the nucleation of S phase is uncoupled with the nucleation of
eutectic a~Al. The formation of S plates can be observed without the presence of any eutectic a~Al
near the £ nucleation site. It is suspected that the £ phase is not a good nucleant for the a~Al phase.
This point will be discussed further in the following paragraph.

3.2 Growth of S plates

In the literature, solid phases of irregular eutectic (formed in the framework of the reaction Liq. —
Solid;+Solid,) are assumed to nucleate and grow in a coupled way [2,3]. In the present study, the
nucleation and growth of the £ phase is not systematically coupled with the nucleation and growth of
the eutectic a-Al phase. Fig. 3a-b shows the appearance of two £ plates nucleated at the surface of the
sample. It is clear that no a-Al phase has nucleated from the nucleation point during the growth of the
P plates. These observations are substantiated by the presence of dendrite imprints on the surface of
the S phase visible in high resolution 3-D images of plates (Fig. 4). Indeed, if the eutectic a~Al had
formed on the surfaces of the S plate it would have been impossible for such morphologies to form.
The a~Al / p-AlsFeSi eutectic appears to be weakly coupled and closer to a divorced eutectic with
separate formation of the two eutectic phases. Models based on the Jackson and Hunt approach are
therefore unable to adequately describe the formation of the a-Al / f-AlsFeSi irregular eutectic.

Fig. 3. 2-D images extracted from the 3-D reconstructed volume. Independent nucleation of /5 plates
from the outer oxide skin is shown in (a) #) + 26.6 min and (b) 7y + 27.6 min; interrupted and erratic S
plate growth in (c) #) + 31.3 min and (d) #) + 39.9 min; and quasi-parallel branching in (e) ¢y + 28.5
min and (f) #) + 29.5 min. Note: the dark rims surrounding the bright 5 plate are imaging artefacts not
aluminium phase.

As the S phase forms in a eutectic reaction (Liq. — a~Al + S-AlsFeSi) it is accompanied by the
a-Al phase. Our results strongly suggest that the o-Al eutectic phase grows on pre-existing a-Al
dendrites rather than re-nucleating on or near the f plate. This can occur in two different forms: (i)
uncoupled, the a-Al grows on an existing dendrite that is physically separated from the plate, and (i1)
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coupled, the eutectic a-Al can grow on the surface of a £ plate through impingement when the plate
comes into direct contact with pre-existing a-Al dendrites.

Observations have shown that fplates grow very rapidly in the lateral direction. Once nucleated, a
plate (or a branch) grows until it impinges on a dendrite, the outer boundary, or another S plate. At
each time step, it was observed that S plates and branches have at least one other contact point other
than the original nucleation site. This suggests that the time elapsed to reach an obstacle from the
nucleation site is inferior to the time resolution. The maximum distance observed between a
nucleation site and an impingement point is about 710 um. This indicates that the growth rate can be
greater than ~750 um min"'. This result is in agreement with a recent in situ 2-D experiment

elrrformed at higher cooling rate from Wang et al. [10] who reported a maximum growth of 100 pm
s

During fast lateral growth episodes, the thickness of plates is very small thus allowing a very
efficient sideways solute rejection at the tip of the plate. Once impingement occurs, an increase in the
Bplate thickness (estimated to be ~2 um min™") is observed in most cases. This thickening is central to
two important mechanisms: (i) the apparent erratic growth of the f plates, and (ii) the quasi-parallel
branching. After impingement, the thickness increases such that plate growth follows the surface of
the dendrite at a growth rate dependent on the angle between the dendrite surface and the plane of the
plate. Once past the obstacle, the plates can then grow quickly again by lateral growth until the next
impingement. This mechanism shown in Fig. 3c-d, appears to explain the very erratic behaviour of
plate growth. As previously mentioned, the eutectic a~Al can grow from an impingement point,
meaning a layer can then be formed on the surface of fplates. This can lead to a blockage of the
lateral growth and can stop the thickening locally while still allowing the thickness to increase at
some other points. Once the jog extends past the obstruction the plate becomes free to again grow
laterally in its original preferred orientation (Fig. 3c-d).

3.3 Branching

No parallel branching of plates is observed. This feature is clearly visible in Fig. 4. Considering the
complex 3-D structure of plates, it is difficult to measure an average lamellar spacing, such as is
proposed and required in 2-D models for irregular eutectics [2,3]. Furthermore, we have observed that
plates which appear isolated in 2-D section are usually interconnected in 3-D and originate from the

Fig. 4. Full resolution and
advanced rendering 3-D image of
a fplate at #) + 32.3 min (7' = 573
°C). Note the complex branching
of the plate and the dendrite arm
impressions and evidence of
by-passing.
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same nucleation event. This confirms that 2-D models presented in the literature are not appropriate
for the irregular a-Al/ f-AlsFeSi eutectic.

A high incidence of microtwinning on the (001) plane of S phase has been reported in literature
[17,18]. In the present study, a wide range of values of branching angles have been measured. It is
possible that some may correspond to twinning events. However, this mechanism alone cannot
explain the complex branching obtained. Moreover, it has been shown that twin planes are parallel to
the growth direction which reduces the branching possibility during simple growth in the liquid phase
[17]. We propose that a physical interaction with objects (particularly contacting dendrites) is needed
in most cases to allow pSplate branching. Small movements of the outer oxide boundary and of
dendrites during shrinkage of the sample appears to be sufficient to deform, bend, or even fracture
thin parts of plates which can then provide free space for continued growth. This mechanism involves
quick deformation which is difficult to resolve in the time-steps of our experiments. However, this
theory is supported by observation of deformation of plates due to internal contact and by the fact that
branched f plates always appear to grow at angles dictated in part by the dendrite arm impinging at
the branching point, rather than any fixed, predisposed angular relationship.
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