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Using synchrotron X-ray total scattering and empirical potential structure refinement modelling, we stud-
ied systematically in operando condition the disorder-to-order local atomic structure transition in a pure
Al and a dilute Al-0.4Sc alloy melt in the temperature range from 690 °C to 657 °C. In the liquid state,
icosahedral short-range ordered Sc-centred Al polyhedrons form and most of them with Al coordina-
tion number of 10-12. As the melt is cooled to the semisolid state, the most Sc-centred polyhedrons
become more connected atom clusters via vertex, edge and face-sharing. These polyhedrons exhibit par-
tially icosahedral and partially face-centred-cubic symmetry. The medium-range ordered Sc-centred clus-
ters with face-sharing are proved to be the “precursors” of the L1, Al3Sc primary phases in the liquid-
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In a material system, the dynamic transition of atomic struc-
ture from a disordered state to an ordered state is a fundamen-
tal issue central to physics, chemistry and materials science. A
quantitative and precise description of atom arrangement in 3D
space, and how atoms move or rearrange themselves under a ther-
modynamic driving force (temperature, force, stress, etc.) is the
basis for understanding phase change and the physical, chemical
and mechanical property of a material. The liquid-to-solid phase
transition is the most common structure transformation occur-
ring in natural and man-made materials driven by the change of
temperature [1-4]. Quantitative understanding of the temperature-
driven atomic structure evolution is scientifically [5] and techno-
logically [6] important for alloy design, development and optimiza-
tion. For disordered-to-ordered atomic structure transition in liquid
Al based metal alloys, the icosahedral short-range ordered (ISRO)
structure has been widely considered as one of the intermedi-
ate geometry configuration between the disordered and ordered
states. For example, in Al alloys added with transitional metal el-
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ements, Simonet and Holland-Moritz found the ISRO structures in
the melts of Al-Pb-Mn [7], Al-Mn-Cr [8] and Al-Cu-Co [9] using
neutron scattering and simulation. Molecular dynamics simulations
also showed the existence of icosahedra in an Al-Sm [10,11] and an
Al-Cu [12] alloy. Their phase fraction decreased as the crystalline
FCC clusters increased during the subsequent crystallization pro-
cess. Unfortunately, most simulation work lacks direct experimen-
tal evidence and validation. Robust real-time experiments plus ex-
perimentally validated 3D atomic structure simulation are essential
for revealing and elucidating the evolution of atomic structure in
transition from the liquid to solid state, and how new phases are
nucleated in the undercooled liquid or liquid-solid coexisting state
that is meaningful to industry practice.

In addition, until now, almost all previous experimental stud-
ies on Al-based alloys used relatively high percentage (in excess
of 10%) of solute elements, for example, Alg;sFejys [13], AlggNipg
[14] and AlggCuy4 [15]. Such a high level of solute elements would
result in the formation of detrimental or undesired intermetallic
phases in most commercial alloy systems, except in some cases of
specially designed high/medium entropy alloys [16] . For those el-
ements added as grain refiners to Al alloys, e.g. Ti, Zr, Sc, the con-
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Fig. 1. (a) The specially designed apparatus used for the synchrotron X-ray total scattering in operando experiments. A half of the front part is opened up to illustrate more
clearly the furnace, arrangement of the metal sample and quartz tube sample holder. (b) The location where the K-type thermocouple tip was inserted inside the melt, and
the point where scattering patterns were taken. (c) and (d) show the measured temperature profiles and the 2D scattering patterns acquired at the target temperatures
during heating and cooling for a pure Al sample, and (d) an Al-0.4Sc sample respectively.

tent is normally < 0.5wt% [5]. Therefore, an in-depth study and
understanding of the dynamic interaction between Al atoms and
the dilute alloy elements in the liquid and liquid-solid coexisting
state are scientifically important. In this aspect, Sc and the primary
Al3Sc phases formed in the Al melt [17,18] are also technologi-
cally important, because Sc has been known as the best heteroge-
nous grain refiner, the most potent suppressor for recrystallization
and the strongest hardener for aluminium alloys [19,20]. Although
some studies [21] on characterizing the 2D and 3D structure of
Al3Sc phases have been made, a precise understanding of how the
primary Al;Sc phase forms from a disordered liquid structure to its
crystalline structure has not been seen reported.

In this letter, the disordered-to-ordered atomic structure tran-
sition in a dilute Al-0.4wt% Sc alloy melt at different temperatures
was studied. Synchrotron X-ray total scattering (SXTS) and empir-
ical potential structure refinement (EPSR) method were used to
study the atomic structure of the liquid Al and Al-0.4 wt% Sc alloys
in the temperature range from 690 °C down to 657 °C. The objec-
tive was to elucidate precisely the temperature-dependant atomic
structure evolution in the temperature region where undercooled
liquid and solid co-exist, a condition where active alloy structure
control measure and processing techniques can be applied for op-
timising alloy design, structure and manufacturing.

The SXTS experiments were carried out at the beamline 115
of Diamond Light Source (DLS), UK. A monochromatic X-ray of
50.239 KeV and a 2D flat-panel Si detector (Perkin-Elmer 1621)
were used to acquire the scattering patterns. The experimental ap-

paratus (furnace), sample arrangement and temperature measure-
ment are shown in Fig. 1a and Fig. 1b. The measured temperature
profiles and diffraction (scatterring) patterns are indicated in Fig.
1c and Fig. 1d. More detailed information about the furnace de-
sign and experimental parameters are described in the S1 section
of supplementary materials. At each target temperature, the melt
was held there for sufficient time to homogenize the temperature
before taking scattering pattern. 240 s exposure time was used for
each pattern. After the pattern was taken, the temperature change
was within £1 °C of the target temperature. Bragg spots due to the
formation of crystalline phases appeared in the scattering patterns
for samples cooled below the liquidus. To extract the scattering in-
formation from the remaining liquid melt only, an adaptive method
was used to remove the Brag spots from the patterns, similar to
that used in [22]. Calibration and conversion of the 2D patterns
into 1-D intensity profile were carried out using Fit2D [23] after
background subtraction and data correction by using GudrunX [24].
The detailed procedures are described in the S2 section of supple-
mentary materials (Fig. S2 and Table S1).

The EPSR package version 25 was used to reconstruct the 3D
atomic structures according to the SXTS data and then extract the
partial pair distribution functions (PDFs) from the total PDFs at
each temperature. The EPSR started with refining a starting inter-
atomic potential and then moving the positions of the atoms to
produce the best possible agreement between the simulated and
the measured structure factors [25]. The reference potential be-
tween an arbitrary atom pair (atom « and ) is a combination of
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Where ¢,p = /ea€g 0qp = 0.5(0 +0p), and &g is the permittiv-
ity of free space. ¢4 is the well depth parameter, o, is the range
parameter, ¢y and qg are Coulomb charges of atom & and .

The Lennard-Jones parameters used for the Al and Sc atoms are
listed in Table S2 in supplementary materials. In this work, a cu-
bic simulation domain with side length of 68.1 A was used for the
EPSR modelling. The atomic density and atom number informa-
tion is listed in Table S3. The partition of Sc in the Al-0.4Sc melt
at different temperatures was calculated according to the lever
rule [26,27] in equilibrium condition. The detailed running steps of
EPSR were described in [28]. The simulation was performed using
one of the dedicated computing nodes (2 x 14-core Broadwell E5-
2680v4 processors (2.4-3.3 GHz), 128 GB DDR4 RAM) of Hull Uni-
versity supercomputing cluster, Viper. It takes approximately 5 h
of computing time (~5000 iterations) to complete a typical simu-
lation with a satisfactory R-factor of <103,

Fig. 2. shows the structure factor [F(Q)], and PDF [G(r)] obtained
from the SXTS experiments and the corresponding EPSR modelling
at different temperatures for both alloys. The simulated results
matched the experimental data very well. A pre-peak appeared at
~1.8 A= in the F(Q) of the Al-0.4Sc alloy at 657 °C (red dashed cir-
cle in Fig. 2a). Correspondingly, there is minor shoulder appeared
at ~4.0 A of the G(r).

Fig. 3 shows the partial PDFs obtained from the EPSR modelling
for both alloys at different temperatures. In the liquid Al melt, the
first peak position of the g(r)s.a remained almost at the same r
value while the peak height increased slightly as the temperature
decreased (Fig. 3a), indicating that the melt structure gradually be-
came more ordered as the melt was cooled. Fig. 3b and c show the
partial PDFs of the Al-Al and Al-Sc pairs in the Al-0.4Sc melt, re-
spectively. As the temperature decreased from 690 °C to 657 °C,
the 15t peak position of g(r)a., moved from ~2.79 A to ~2.82 A,
while that of the g(r),.sc moved from 2.61 A to 2.58 A (Fig. 3c). Si-
multaneously, a minor shoulder appeared at ~4.0 A in the g(r)a.a
at 657 °C (framed by a red dashed rectangle in Fig. 3b).

To study the Al atom configuration around an arbitrary refer-
ence Sc atom at different temperatures, the Al atoms in the first
neighbouring shell were extracted from the EPSR models at the
three different temperatures (see Figs. 4a, b, ¢ and the accompa-
nying video 1). In liquid state at 690 °C, the Sc-centred atom clus-
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Fig. 3. (a) The PDFs of the Al-Al pair obtained from the EPSR modelling in pure
liquid Al at different temperatures. (b) The partial PDFs of the Al-Al pair and (c)
Al-Sc pair in the Al-0.4Sc melt at different temperatures.
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Fig. 4. The Sc-centred Al atom clusters in the Al-0.4Sc melt at (a) 690 °C, (b) 665 °C and (c) 657 °C respectively extracted from the EPSR models. (d) An enlarged view of
a Sc-centred Frank-Kasper polyhedra with coordination number (CN) of 12 for the Al-0.4Sc melt at 690 °C. (e) Four different type medium-range ordered structures (MROs)
formed by sharing the Al-Al bond, vertex, edge, and face between the neighbouring clusters. (f) The CN distribution of the Sc atoms in the Al-0.4Sc melt at 690 °C, 665 °C
and 657 °C respectively. (g) the average CN and average bond length of the Al-Sc atom pair as a function of temperature.

ters (named as Sc-centred polyhedrons) were more sparsely dis-
tributed. A zoom-in view of an individual cluster (see Fig. 4d) in-
dicated that it is a Frank-Kasper type polyhedral (full-icosahedra,
<0, 0, 12, 0>). Some also exhibited the characteristics of frag-
mented icosahedra and icosahedra-like polyhedra with five-fold
bonds. Hence, there are some ISRO in Sc coordination environ-
ment in liquid state [29]. After cooled from 665 °C to 657 °C,
the Sc-centred polyhedrons moved closer to each other, starting to
link together via the Al-Al bonds (without any sharing Al atom),
vertex, edge and/or face sharing (without inter-penetration) [30],
and forming four different configurations [31] as illustrated by the
inserts in Fig. 4e. The Al-Al bonds connected configuration was
dominant at 665 °C with 71.4%. It decreased to 35.7% at 657 °C.
Edge-sharing and face-sharing connected configurations appeared

at 657 °C, indicating more atoms were connected together as cool-
ing proceeded. Fig. 4f shows the coordination number (CN) dis-
tribution of the Sc-centred polyhedrons at different temperatures.
Clearly, at 690 °C and 665 °C, the peak value is at CN=11. While
at 657 °C, the peak value is at CN=12. Fig. 4g also shows that,
as the temperature decreased, the average CN increased from 11.1
to 11.52; while the mean bond length of the Al-Sc atom pairs de-
creased from 2.85 A to 2.79 A, indicating these Sc-centred polyhe-
drons become more compact.

A number of previous studies on the liquid melt structures
of different AI-TM alloys [13-15] have found that the addition of
10~20 wt% TM elements (for example, 12.5wt%Fe in [13], 20wt%
Ni in [14] and 14wt%Cu in [15]) indeed changed the local atomic
structures. In our research here, the addition of 0.4wt% Sc in Al
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did not result in an obvious change in the F(Q) and G(r) pro-
files in the liquid state (690 °C) when compared to those of the
pure liquid Al. However, in the semisolid range at 657 °C, a minor
shoulder did appear at ~4 A in the G(r) and g(r),.5 (correspond-
ing to the pre-peak of F(Q) at ~1.8 A-1). Compared to the G(r)
peak located at ~4.1 A from the reference crystalline FCC phase
reported in Fig. 4e of [11] and that of the pure Al at 900 K re-
ported in Fig. 4a of [32], the minor shoulder indicated the for-
mation of some medium-range FCC coordinated clusters in the
semisolid melt. Such medium-range atom clusters have close ge-
ometry similarity to the equilibrium FCC crystal, and it can be
called as medium-range crystalline order (MRCO) [33]. Fig. 4 il-
lustrates that, as the temperature decreased, sparsely distributed
Sc-centred polyhedrons became more connected with higher per-
centage of edge-sharing and face-sharing between the Sc-centred
polyhedrons. Compared to the connection of icosahedra often re-
ported in metallic glass systems [30], there was no volume-sharing
connection between the Sc-centred polyhedrons. The bond orien-
tational order parameter (see Fig. S3a) and Voronoi analysis (see
Fig. S3b) results show that the Sc-centred polyhedrons exhibit par-
tially icosahedral and partially FCC-like structure symmetry due
to the geometric frustration which are the intermediate geome-
try configuration states (actually a distorted icosahedron configura-
tion) between the two densely packed configurations, i.e. L1, crys-
talline order versus ISRO. This kind of geometry frustration was of-
ten attributed to the competition between two low-energy states
(L1, and icosahedron) with dense atomic packing as widely re-
ported in metallic glass, undercooled pure Al and Sm-doped liquid
Al [10,11,34]. The formation of primary L1, ordered Al3Sc phase in-
dicates that L1, order wins over ISRO under the slow cooling con-
dition. An ISRO compromise is generally required to minimize the
total energy of 12 Al atoms surrounding a transition metal atom.
While quantitative total energy calculation showed that ISRO com-
promise is not necessary for Al-Sc alloy. Substitutional FCC struc-
ture also satisfies the low total energy requirement [35], and the
FCC symmetry is the energetically and geometrically favourable ar-
rangement for the distorted parts of icosahedron [34]. Importantly,
the local translational symmetry of the FCC configuration makes
the distorted icosahedra easy to geometrically match with neigh-
bouring clusters for long-range dense packing. In the liquid-solid
coexisting region (657 °C), Sc-centred polyhedrons form medium-
range order via face-sharing, the same type of connection exists
in the FCC long-range packing Al3Sc primary phase. Hence, the
medium-range order Sc-centred clusters are the L1, precursors
that form small ordered L1, clusters at the solid-liquid interface
with low free-energy barrier for nucleation [36], and subsequently
grow into Al;Sc phases with a L1, structure.

The evolutions of 3D local atomic structures of an Al and an
Al-0.4Sc alloy melt from liquid to liquid-solid coexisting state were
studied in situ and in real time using synchrotron X-ray total scat-
tering and EPSR modelling. In the liquid state, icosahedral short-
range ordered Sc-centred Al polyhedrons form and most of them
with Al coordination number of 10-12. As the melt is cooled to
semisolid state, the polyhedrons become more connected atom
clusters via vertex, edge and face-sharing. The medium-range or-
dered Sc-centred clusters with face-sharing are proved to be the
“precursors” for the L1, Al3Sc primary phase in the liquid-solid co-
existing region.
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