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Abstract. Al-based alloys with a soft phase such as Sn are extensively used for bearing
components due to their self-lubricating properties. Al-Sn alloys lack the ability to support heavy
loads so the alloying with Cu as a third element provides solution strengthening of the aluminium
matrix. A crucial issue in the manufacturing of Al-Sn-Cu alloys is the miscibility gap in the phase
diagram of the system. Liquid immiscibility is responsible for severe segregation during the
solidification process, due to the large density difference between the Al-rich and Sn-rich liquids,
which limits their utilization in industry. It is therefore both scientifically and technically
important to accurately understand their solidification path. In the present work, the solidification
of a ternary Al-20wt.%Sn-10wt.%Cu alloys was investigated in-situ by using X-radiography.
Directional solidification experiments were performed on sheet-like samples in the laboratory
device SFINX (Solidification Furnace with IN-situ X-radiography), which consists of a
Bridgman-type gradient furnace and an X-radiography system. The solidification sequence was
determined based on the observation of the recorded images, enlightening the successive steps
of the solidification path. These observations were compared to predictions obtained from
thermodynamic calculations. Complementary post-mortem microscopic analyses showed that
the dendrite primary trunk and secondary arms developed along <110> crystallographic axes
instead of the usually expected <100>.

1. Introduction

The mechanical properties of a bearing material are a balance between a high strength for load bearing
and resistance to fatigue, and a low friction coefficient for tribological applications [1]. Aluminium-tin
based alloys are suitable for such applications because the presence of Sn as a soft additive provides
good anti-frictional and self-lubricating properties. In addition, the alloying with a third element such as
Cu can provide solid solution strengthening of the Aluminium matrix [2]. Besides the chemical
composition, the microstructure forming during the solidification phase is an important feature,
especially relevant for intimate surface contact where the use of lubricants is not possible [3]. A key
issue in the processing of Al-Sn-Cu alloys is the liquid miscibility gap in the system, which causes the



parent liquid to decompose into two distinct immiscible liquid phases during cooling. This phase
separation occurring in immiscible alloys leads to severe segregation at the microstructure level, due to
the large density difference between the liquid phases that causes droplets to sink or float [4,5]. The
liquid droplets can also grow and coarsen by solute diffusion or be transported by convective flows in
the melt which can increase even more the detrimental impact of segregation. Research under
microgravity conditions has also demonstrated that significant droplet migration is induced by
thermocapillary (Marangoni) motion in the presence of a temperature gradient [6,7].

It is now well established that in-situ and time-resolved X-radiography is a method of choice for
unveiling the dynamical evolution of dendritic microstructures and grain structure formation during the
solidification of metal alloys [8]. However, studies of immiscible alloy solidification using this powerful
observation technique are hitherto very scarce. First investigations have been carried out using
synchrotron radiation sources. For example, Schaffer et al. investigated spinodal decomposition in
hyper-monotectic Al-Bi and Al-Bi-Zn alloy [9] and highlighted the complex interactions between
droplets. Lu et al. also studied liquid phase separation and the impact of bubbles on the segregation in
Al-Bi alloys [10]. Recently, new opportunities have arisen with the improvement of compact micro-
focus sources and X-ray sensitive detectors that enable in-situ and time-resolved radiography to be used
in laboratory devices, with a sufficient spatial and time resolutions to distinguish the microstructure
features [11], enabling different orientations of the sample with respect to gravity [12] and compatible
with microgravity platforms [13,14]. Such a laboratory device was successfully used by Xavier et al. to
analyse the morphology of the solidification interface at different cooling rates for an Al-Bi-Cu
monotectic alloy [15].

The present work reports on the solidification of an Al-20wt.%Sn-10wt.%Cu sample observed in situ
using the SFINX (Solidification Furnace with IN-situ X-radiography) laboratory device. The
solidification sequence will be described based on the observation of the recorded images. These
observations will be compared to predictions obtained from thermodynamic calculations.
Complementary post-mortem microscopic analyses will be used to determine the growth orientation of
the dendrite primary trunk and secondary arms.

2. Experimental details

The SFINX facility available at IM2NP laboratory was used and was described in detail in [16]. It has
been developed within the framework of the ESA MAP named XRMON (In-situ X-ray monitoring of
advanced metallurgical processes under microgravity and terrestrial conditions), devoted to the
application of X-radiography during microgravity experiments [17]. The core of the facility is a
solidification furnace consisting of two heaters separated by a gap that applies a longitudinal temperature
gradient G,y The gradient furnace enables directional solidification with cooling rates R within the
range of 0.01—1.5 K/s and applied temperature gradient within the range of 5-15 K/mm.

The X-radiography system figures a micro-focus X-ray source with a molybdenum target (3 um focal
spot) providing enough photon flux and has two peaks of energy 17.4 keV and 19.6 keV ensuring a good
image contrast to study Al-Cu based alloys. The camera system consists of a scintillator plate and a
digital camera with a CCD-sensor. Due to the beam divergence, a geometric magnification of the object
is observed at the detector, corresponding to the ratio of the source-detector by source-sample distances.
Here, a magnification of approximately 5 was used for a Field-of-View (FoV) of about 5 x 5 mm?
leading to an effective pixel size of approximately 4 um. The acquisition rate was 2 frames per second.
The studied alloy was Al-20wt.%Sn-10wt.%Cu. The three elements have significantly different
absorption contrast so that the liquid and solid phases that are expected to form during the solidification
sequence will be clearly distinguishable. Sheet-like rectangular sample of 5 mm x 50 mm in area and
about 250 um in thickness were used. The sample was placed in the middle of stainless-steel spacers
sandwiched between two glassy carbon sheets sewn together with a silica thread. The crucible was
inserted inside the furnace and meets both sides to achieve the expected thermal profile. The furnace



was set in vertical position, with the sample length parallel to the gravity vector g. This configuration is
chosen to highlight gravity-related phenomena such as buoyancy.

The X-radiography system recorded a stack of raw images during the sample solidification. The grey
level variations in the recorded images are related to the attenuation coefficient of each different part of
the sample. Image legibility is enhanced by applying a “flat-field” correction, which consists in dividing
each frame by a reference image recorded just before solidification. This procedure reduces the noise
and removes defects related to the detector and crucible [18]. After applying the image processing, the
bright regions in the processed radiograph are solid Al-grains whereas the dark regions are the Cu-rich
and/or Sn-rich liquid regions.

3. Results and discussion

In the present study, we will consider an experiment carried out with a cooling rate, R = 0.45 K/s, and
an applied temperature gradient G,, = 5.5 K/mm. These parameters were chosen to obtain a
microstructure with features (dendrite arm spacing, interdendritic liquid fraction) that are
distinguishable with respect to the spatial resolution.

3.1. Theoretical solidification sequence

The solidification paths of hypo-eutectic binary Al-Cu and Al-Sn alloys are rather standard with the
formation of aluminium as primary phase and then of eutectic from the residual liquid. However, the
comprehension of the solidification path in the ternary Al-Cu-Sn system is more complex, in part due
to the presence of a liquid miscibility gap. In a first approach, the solidification path of the Al-
20wt.%Sn-10wt.%Cu alloy has been determined by the use of the Thermo-Calc software [19] and the
COST 507 database [20]. Figure 1 depicts the successive steps during cooling (from the right side to the
left side) in the form of the calculated phase fraction as a function of temperature.
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The predicted solidification sequence is in agreement with previous studies found in the literature [4,21]
and takes place as follows. It commences with the solidification of the a-Al phase and the gradual
increase of the liquid phase L’ composition in Sn and Cu due to solute rejection. When the liquid phase
L’ reaches the boundary of the miscibility gap, phase separation occurs with the formation of Sn-rich
liquid L". At lower temperature, the remaining liquid L' is transformed during a monotectic reaction that
induces the concomitant formation of a large quantity of a-Al and 6-Al,Cu solid phases. Finally, the
remaining liquid L” is consumed through a eutectic reaction that forms the solid Sn phase.

3.2. In-situ observation of the solidification sequence



X-radiography has been used to visualise in-situ the solidification sequence of an Al-20wt.%Sn-
10wt.%Cu sample. The sample was firstly directionally melted from the top and towards the bottom part
of the sample. A smooth and planar solid-liquid interface was obtained after a stabilization time of
approximately 30 minutes. Then, solidification was triggered by cooling down the two heaters. A
selection of radiographs recorded during the solidification is shown in Figure 2. At first, a columnar
dendritic microstructure developed (Figure 2a), which corresponds to the a-Al phase. These dendrites
appear in light grey while the surrounding liquid appears darker due to the rejection of Cu and Sn solutes
that have higher X-ray absorption coefficients. It is already possible to notice that secondary dendrite
arms do not develop perpendicular to the primary trunks as usually expected in aluminum alloys, but
with a lower angle.
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Figure 2. Sequence of radiographs showing: (a) the columnar dendritic growth (t =t, + 73 ),
(b) the microstructure coarsening (t = to + 121 s) and (c) the phase separation and monotectic
reaction in the mushy zone (t =to + 162 s). (R = 0.45 K/s, Gapp = 5.5 K/mm).

Cooling and coarsening in the mushy zone led to the formation of thicker microstructures with time
(Figure 2b). A few minutes later, the formation of a dark layer in the mushy zone is visible, that crossed
the field of view from bottom to top (middle of Figure 2c). This upper boundary of the dark layer is the
beginning of the liquid phase separation as expected from the theoretical solidification path, with the
formation of many black droplets (a few tens of microns in size) in between the dendrites. Those droplets
are Sn-rich liquid L”, having a higher X-ray absorption than the other phases. The lower boundary of
the dark layer corresponds to the beginning of the monotectic reaction. During this step, a large amount
of a-Al and 6-Al>Cu are expected to form, which are mainly composed of aluminum and consequently
have lower X-ray absorption coefficients. Therefore, a-Al and 6-Al,Cu solid formations induce a
brightening of the mushy zone on the radiographs. Finally, after approximately 15 minutes, the crossing
of a last front induced a weak darkening of the mushy zone, unfortunately not distinguishable on static
images but visible on videos. This last step of the solidification sequence is attributed to the solidification
of the remaining Sn-rich liquid droplets with to the final eutectic reaction, in agreement with the
theoretical solidification sequence.

3.3. Growth orientation of the dendrite arms

A careful examination of the dendrite morphology highlights that the secondary dendrite arms do not
develop perpendicular to the primary trunks as usually expected in aluminium alloys, but with a lower
angle (Figure 3a). The growth orientation of the dendrite arms was determined unambiguously by post-
mortem analyses using EBSD (Electron Backscatter Diffraction). Orientation maps were collected using
a Zeiss Gemini 500 field-emission gun scanning electron microscope (FEG-SEM) equipped with an
EDAX Hikari Super acquisition system.



Figure 3. (a) Close-up of a radiograph
showing an aluminium dendrite and (b)
corresponding (101) pole figure obtained by
EBSD.
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The comparison between the arm growth directions (Figure 3a) and the (101) pole figure obtained for a
dendritic crystal (Figure 3b) confirms that the primary trunk and secondary arms have been developing
in <110> directions instead of the common <100> directions. Further experiments with various amounts
of Sn and Cu are planned to determine if a dendrite orientation transition (DOT) can occur in the ternary
Al-Sn-Cu system, as also reported in binary systems [22—-24].

4. Conclusion

The solidification of the ternary Al-20wt.%Sn-10wt.%Cu alloy was investigated by means of in-situ X-
radiography. The experimental solidification sequence agrees with calculations performed using a
computational thermodynamics software. In addition, EBSD analyses showed that the dendrite arms
developed along <110> crystallographic axes instead of the common <100> directions. Investigations
are planned to determine how this different orientation from the standard for Al-alloys imposes trapping
of tin in the form of pockets between primary and secondary dendritic arms, consequently affecting the
desired properties for applications of these alloys.

Further analyses will deepen the comparison of the experimental results with the theoretical
solidification path, such as the accurate determination of the phase transformation temperature by using
differential scanning calorimetry (DSC). Similar investigations will also be conducted to investigate the
solidification of Al-Sn-Cu alloys with various compositions and the conditions for a DOT to occur in
this system. The characterisation of the droplet motion and phase distribution is also in progress.
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