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A B S T R A C T   

Interfacial segregation of selected elements can be exploited to manipulate the potency of solid substrates for 
heterogeneous nucleation, thus controlling the solidification process. As the native inclusions in Mg alloys, MgO 
acts as the nucleating substrate, but it has rarely been studied in terms of its interactions with alloying elements. 
In this work, investigations of yttrium (Y) segregation at interfaces between native MgO particles and Mg in an 
Mg-0.5Y alloy were carried out by state-of-the-art aberration-corrected scanning transmission electron micro-
scopy (STEM) and associated spectroscopy. Experimental results show that native MgO particles in Mg-0.5Y 
possess two typical morphologies: truncated octahedron primarily faceted by {111}MgO and minorly by 
{100}MgO, and cubic shape with unique {100}MgO facets. Y atoms are found to segregate at both Mg/{111}MgO 
and Mg/{100}MgO interfaces, leading to the formation of two different 2-dimensional compounds (2DCs). The 
2DC at the Mg/{111}MgO interface is identified as two atomic layers of a face-centered cubic Y2O3 phase in terms 
of crystal structure and chemistry, whilst it is an Mg(Y)-O monolayer at the Mg/{100}MgO interface, coherently 
matching with the terminating {100}MgO plane. Discussion is focused on the mechanisms underlying the for-
mation of the 2DCs, their effects on the nucleation potency of MgO particles, and grain refinement. This work 
sheds light on how heterogeneous nucleation can be manipulated by altering the nucleation potency of a sub-
strate through deliberately promoting elemental segregation of carefully chosen element(s).   

1. Introduction 

Heterogeneous nucleation during the solidification of metallic ma-
terials is essential for engineering the solidification structure and hence 
the properties of the final casting [1]. As a common industrial practice, 
chemical inoculation of potent particles is applied to achieve a fine and 
uniform grain structure by promoting heterogeneous nucleation [1,2]. 
Based on the spherical cap model, heterogeneous nucleation is described 
as a thermally activated stochastic process by the classical nucleation 
theory (CNT) [3]. However, CNT is not valid when nucleation occurs on 
a potent substrate with a small contacting angle (e.g., smaller than 20 
degrees) [4]. Previous studies have shown that it is more reasonable to 
treat heterogeneous nucleation as the dynamic adsorption of liquid 
atoms [4], which is a deterministic and athermal process [5–7]. Recent 
studies on the atomistic mechanism of nucleation realize that the po-
tency of a substrate for heterogeneous nucleation is closely related to the 
lattice misfit at the solid/substrate interface [2,7-9], the chemical 
interaction between the substrate and the liquid atoms [10–16] and the 

substrate’s atomic-level surface roughness [13,17]. Therefore, the 
atomic configuration and chemical composition at the substrate surface 
play a major role in determining nucleation behaviour and thus, the 
solidification structure. 

Segregation of element(s) at generic interfaces is a widespread 
phenomenon, which is driven by the decrease in interfacial energy, as 
described by the Gibbs adsorption isotherm [18–20]. Generally, the 
physical and chemical conditions on a substrate surface can be altered 
by the interfacial segregation of various alloying elements or impurities 
present in the alloy melt. One of the consequences is the formation of 
interfacial layers which are different from the substrate in terms of 
structure and/or chemistry, leading to the modification of the substrate 
surface and thus to the variation of nucleation potency. It is therefore 
feasible to manipulate the potency of a substrate through interfacial 
segregation of selected elements. This acts as a mechanism for the grain 
refining behaviour, as elucidated by experimental observations and by 
theoretical models and simulations [9,10,13,14,21-27]. The potency 
variations of TiB2 serve as excellent examples to demonstrate how a 
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substrate’s potency is manipulated by interfacial segregation. The 
{0001}TiB2 surface has a misfit of -4.2 % with the {111}Al plane at 660ºC 
along the close-packed directions [25], suggesting that TiB2 is not highly 
potent for nucleating αAl. Segregation of Ti solute atoms at the liqui-
d-Al/TiB2 interface leads to the formation of an Al3Ti two-dimensional 
compound (2DC) monolayer, which reduces the absolute lattice misfit 
to 0.09 % and hence increases the nucleation potency [25]. By contrast, 
the addition of 580 ppm Zr destabilizes the Al3Ti 2DC, which disappears 
and a Ti2Zr 2DC monolayer forms instead on the {0001}TiB2 surface 
[13]. The Ti2Zr 2DC has not only a large misfit with Al but also an 
atomically rough surface, making such TiB2 particles impotent for αAl 
nucleation. 

As the predominant inclusions in magnesium (Mg) and Mg alloys, 
native magnesia (MgO) nanoparticles have been successfully applied for 
grain refinement, despite the relatively low potency due to a 7.9 % 
lattice misfit with Mg and the atomically rough surface [12,28-35]. 
Native MgO has a mean size below 100 nm, a narrow lognormal size 
distribution, and a number density level of 1017/m3 after dispersion by 
high shear melt conditioning (HSMC) [30,35]. According to the grain 
initiation map [34], the impotent MgO particles nucleate and initiate Mg 
grains majorly in an explosive grain initiation manner, being able to 
achieve better grain refinement than the more potent nucleant particles 
do. Unlike the Zr-containing grain refiner with applications limited to 
Al-free Mg alloys, native MgO particles have shown their refining ca-
pabilities in various Mg alloys [27,28,33,36]. Making use of native oxide 
particles is an attractive and efficient way to promote the integrity of 
castings. 

Interactions between the segregated solutes and the native MgO 
particles are expected in an Mg alloy melt at the processing temperature. 
For instance, minor addition of Sr [37], Zr [21] and Ca [27,36] to Mg 
melts was shown to interact with native MgO particles and thus alter 
their nucleation potency, resulting in varying levels of grain refinement 
of Mg alloys. Unfortunately, we still know little about how different 
alloying elements interact with MgO particles and how the substrate’s 
potency is altered accordingly. It becomes crucial to understand the 
elemental segregation behaviour at the Mg/MgO interfaces, and thus to 
make full use of the native MgO as a universal grain refiner for Mg 
alloys. 

Yttrium (Y) is an important alloying element for advanced Mg alloys, 
whose addition has been shown to lead to multiple improvements, such 
as strength [38], ductility [39], creep resistance [40] and oxidation 
resistance [41]. Although the Mg-Y binary system has been often used as 
a model system for the Mg-rare earth (RE) alloys, little work has been 
carried out on investigating the effect of Y addition on the grain size of 
Mg alloys. A previous study showed that the addition of 
low-grow-restriction Y appears to have a marginal effect on grain 
refinement of Mg alloys [42], and other investigations were focused on 
grain refinement of the WE series alloys (based on Mg-Y) using Mg-Zr 
master alloys [43]. 

The objective of this work is to reveal the segregation behaviour of Y 
at the Mg/MgO interfaces and the consequent effects on the nucleation 
potency of MgO. With dedicated aberration-corrected scanning trans-
mission electron microscopy (STEM) and associated spectroscopy, the 
investigation focuses on the characterisation of Mg/MgO interfaces with 
and without the segregation of Y down to atomic precision, elucidating 
the structure and chemistry of interfacial segregation layers. The dis-
cussion is concentrated on the segregation behaviour of Y and the 
mechanisms for the formation of 2DCs at the interfaces. The effects of Y- 
segregation-induced 2DCs on the nucleation potency of MgO particles 
and the grain refinement behaviour will be analysed as well. This work 
sheds light on manipulating nucleation potency through elemental 
segregation at the liquid/substrate interface. 

2. Experimental 

2.1. Materials 

Commercial purity magnesium (CP Mg) and pure yttrium (Y) were 
used as the raw materials in this work. Table 1 gives the compositions 
(all compositions are in wt.% unless otherwise specified) and the im-
purity levels. 

2.2. Grain size assessment 

Under the protective atmosphere of N2 containing 0.4 vol% SF6, 
about 1 kg of CP Mg was melted at 700 ◦C in a steel crucible using an 
electric resistance furnace. An Mg-0.5Y alloy melt was made by adding 
pure Y into the CP Mg melt, with manual stirring and isothermal holding 
for at least an hour to ensure the dissolution of Y. We used the standard 
TP-1 test [44] to assess the grain refining performance, where the test 
provided consistent solidification conditions, ensuring a cooling rate of 
3.5 K/s at the central region of a cross-section 38 mm from the bottom of 
the TP-1 sample. The CP-Mg and Mg-0.5Y alloy melts were then cooled 
down to 680 ◦C. One set was directly cast into a TP-1 mould pre-heated 
at 350 ◦C, which was transferred to a cooling unit with water spray 
flowing at the rate of 3.8 L/min. The solidified samples were denoted as 
CPMg-TP1, and Mg-0.5Y-TP1, respectively. While the other set was 
treated by high shear melt conditioning (HSMC) for 5mins at 4000 rpm 
prior to the TP-1 casting, by which the obtained samples were denoted 
as CPMg-HSMC-TP-1 and Mg-0.5Y-HSMC-TP-1, respectively. 

Examination of grain structure and quantitative measurement of the 
grain size were carried out on both the cross section 38 mm from the 
base and the longitudinal section of the solidified TP-1 ingots. Speci-
mens were prepared following standard metallographic procedures. 
Chemical etching was performed with an acetic-picral solution consist-
ing of 10 ml acetic acid, 4.2 g picric acid, 10 ml H2O and 140 ml ethanol. 
Optical macrography and micrography were carried out using an Epson 
image scanner and a Zeiss optical microscope (OM), respectively. The 
quantification of the columnar grain width and equiaxed grain size of 
the samples was conducted according to the mean linear intercept 
method (ASTM E112-10). 

2.3. Characterization of MgO and Mg/MgO interfaces 

A pressurized melt filtration technique was used to concentrate oxide 
particles from the melts to facilitate microstructural examination. Dur-
ing the filtration process, 1 kg of CP-Mg or Mg-0.5Y alloy melt was 
transferred to the pre-heated filtration unit (the Footprinter, ABB Inc.) 
isolated from the air. Argon was introduced with a sufficiently high 
pressure to force the melt to flow through the porous ceramic filter 
located at the bottom of the crucible. This allows the oxide particles to 
be accumulated above the ceramic filter. The residual melt (about 150 g) 
containing concentrated oxides then solidified in the crucible. The de-
tails of the filtration technique were presented elsewhere [28]. This 
technique was successfully used to study nucleant particles in various 
Al- and Mg- alloys [13,25,27,28]. 

Samples for scanning electron microscopy (SEM) were made from 
the remnant materials above the filter where the oxide particles were 
concentrated. The morphology and chemistry of collected oxide parti-
cles in the samples were examined by SEM using a Carl Zeiss Crossbeam 
340 microscope equipped with the detector for energy-dispersive X-ray 
spectroscopy (EDS). 

Samples for scanning transmission electron microscopy (STEM) and 
electron energy-loss spectroscopy (EELS) were made from slices cut 
from the residual materials above the filter. The slices were mechani-
cally ground to 60 μm in thickness and then punched into ϕ3 mm discs, 
which were finally thinned by Ar ion beam in a Gatan Precise Ion Pol-
ishing System. Applied beam voltages ranged from 1 to 5 kV and the 
beam angles from 3 to 5 degrees. Preliminary sample screening was 
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done on a JEM 2100F microscope operated at 200 kV. Dedicated char-
acterisation with STEM/EELS was carried out using a Nion Ultra-
STEM100 instrument at the EPSRC-UK SuperSTEM laboratory. The 
microscope was operated at an accelerating voltage of 100 kV, with the 
probe forming optics configured for a 31 mrad convergence semi-angle 
and a probe size of 1 Å. The collection semi-angle ranges for all high- 
angle annular dark-field (HAADF) and medium-angle annular dark- 
field (MAADF) STEM mages were 89-195 mrad and 52-89 mrad, 
respectively. The microscope is equipped with a Gatan Enfina spec-
trometer for chemical analysis by EELS, with a collection semi-angle of 
36 mrad. EELS spectrum images (EELS SI) were acquired by recording 
EELS spectra at each pixel across a defined area of the specimen. Noise 
reduction of EELS SI data was conducted by application of principal 
component analysis (PCA), as implemented in the HREM Research MSA 
plugin for Digital Micrograph [45]. 

Additional atomic-resolution STEM/EDS mapping was carried out on 
a JEM-ARM300F2 GRAND ARM™2 equipped with large-size EDS dual 
detectors. A Thermo Fisher Spectra300 was used for the acquisitions of 
simultaneous HAADF and integrated differential phase contrast (iDPC) 

STEM images. Both microscopes were operated at 300 kV. 
Simulation of HAADF STEM images was conducted using the QSTEM 

software package developed by Koch [46] according to the atomic 
structure models of the interfacial segregation layers derived from 
experimental STEM and EELS results. The experimental parameters 
including beam convergence, detector inner and outer radii were used as 
input for the simulations. A total of 15 frozen phonons were considered, 
and probe size effects were included by convoluting the images with a 1 
Å (full width at half-maximum) Gaussian distribution. The simulated 
HAADF images were compared with experimental data to validate the 
derived atomic structure and chemistry of the segregation layers. 

3. Results 

3.1. Morphology and size of native MgO particles 

Native MgO particles are the predominant inclusions in CP Mg and 
Mg-Al alloys [30], which is the same case in the Mg-0.5Y alloy. Bulk 
Y2O3 phases were rarely observed, while the Mg24Y5 intermetallic 

Table 1 
Compositions (wt.%) of the materials used in this work.  

Alloy Al Zn Mn Si Fe Cu Ni Be Mg Supplier 

CP Mg 0.019 0.002 0.032 0.013 0.002 <0.001 <0.001 <0.0001 Balance (>99.9) Magontec Ltd 
Pure Y Y>99.9 Fisher Scientific UK Ltd  

Fig. 1. Native MgO particles collected from the Mg-0.5Y melt. (a-b) SEM micrographs showing the (a) (truncated) octahedral and (b) cubic morphologies of MgO 
particles; and (c-d) TEM bright field images and corresponding electron diffraction patterns (inserts) showing their crystallographic features. (c) truncated octahedral 
MgO is faceted primarily by {111}, while (d) cubic MgO is faceted by {100} only. 
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phase, which has been considered a potent substrate for nucleating αMg 
[47], was not detected in Mg-0.5Y in this work. Comparing the MgO 
particles in CP Mg and Mg-0.5Y (Fig. 1 and Fig. S1), we notice that the 
addition of 0.5Y into the CP Mg melt shows little impact on the native 
MgO particles in terms of phase stability, crystal morphology and size. 
As shown in Fig. 1, nano-sized MgO particles are the only components 
for the young oxide films collected from the melt of Mg-0.5Y. They 
appear as two typical morphologies: truncated octahedral (or octahe-
dral, in Fig. 1(a) and (c)) and cubic shapes (Fig. 1(b) and (d)). The 
polyhedral appearance of the particles in Fig. 1(a) can be understood as 
the random projections in two dimensions of the truncated octahedral 
particles [30]. The extensive SEM characterisation suggests that the 
octahedral and truncated octahedral MgO particles are predominant in 
terms of number density. The crystallographic features are well inter-
preted by the bright-field (BF) TEM images and the corresponding 
selected area electron diffraction (SAED) patterns (Fig. 1(c) and (d)). 
The truncated octahedral MgO, viewed along [011]MgO, is faceted pri-
marily by {111} and to a lesser extent by {100} planes (as the result of 
incomplete growth), which can be, hereafter, denoted as {111} MgO. 
With the viewing direction parallel with [100]MgO, the cubic MgO ex-
hibits a unique crystallographic termination of {100} planes, which is 
denoted as {100} MgO. Therefore, we conclude that the primary in-
clusions in Mg-0.5Y are native MgO nanoparticles of two morphologies: 
{111} MgO and {100} MgO, as the same conclusions hold in CP Mg [30]. 

3.2. Confirmation of the segregation of Y at the Mg/MgO interfaces 

Differences between the native MgO particles in CP Mg and Mg-0.5Y 
are noticed at the Mg/MgO interfaces revealed by advanced electron 
microscopy. Fig. 2 characterises the Mg/{111}MgO interface for a {111} 
MgO particle and the Mg/{100}MgO interface for a {100} MgO particle 
in Mg-0.5Y by HAADF and MAADF STEM imaging. Owing to the dif-
ferences in atomic number for elements (ZY=39, ZMg=12, ZO=8) in the 
studied system, the Z-sensitive HAADF STEM imaging is an effective 
technique to study the potential chemical segregation at the Mg/MgO 
interfaces after Y addition. In addition, MAADF STEM imaging provides 
additional strain contrast by collecting electrons scattered to lower an-
gles and thus containing a higher fraction of elastic scattering. In direct 
comparisons to the featureless Mg/MgO interfaces in CP Mg (Fig. S1(c) 
and (f)), brighter layers are observed at both the Mg/{111}MgO and Mg/ 
{100}MgO interfaces in Mg-0.5Y (Fig. 2 (a) and (d)). The Z-contrast 
interpretation suggests that the interfacial layers contain Y atoms, as Y is 
the species with the highest atomic number present in the system. The 
invariance in the morphologies of MgO particles/films suggests that the 
native MgO films/particles in CP Mg experience a fine-scale interaction 
with Y solutes at the Mg/MgO interfaces after the addition of 0.5Y. The 
presence of 0.5Y in the Mg melt is thus thought to have led to the for-
mation of Y-rich segregation layers at the Mg/MgO interfaces. The 
composition will be further confirmed by EELS analysis. In addition, the 
lattice periodicity of MgO disrupts locally at the Y-rich interfacial layers, 
giving rise to a static displacement contribution to the electron 

Fig. 2. HAADF/MAADF STEM images and the corresponding contrast profiles showing the segregation of Y at the Mg/MgO interfaces. (a-c) Mg/{111}MgO interface; 
and (d-f) Mg/{100}MgO interface. (c) and (f) are the contrast profiles along the marks ‘P1’/’P2’ across the interfaces. 
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scattering, which corresponds to extra contrast in the MAADF STEM 
images (Fig. 2(c) and (f)). Besides, the segregation of Y at the Mg/MgO 
interfaces is general in Mg-0.5Y, as Y was readily detected in association 
with most MgO particles by SEM/EDS (Fig. S2). 

3.3. Segregation of Y at the Mg/{111}MgO interface 

Segregation of Y at the Mg/{111}MgO interface is further verified by 
EELS analysis. Fig. 3(a) compares the EELS spectra acquired from Mg 
(‘1’), interface (‘2’), and MgO (‘3’), among which the Y L2,3 core loss 
edges are only detectable at the interface. The spatial distribution of Y is 
revealed by comparing EELS elemental maps and the simultaneously 
acquired atomic-resolution HAADF STEM contrast in Fig. 3(b). The 
presence of Y coincides with the two brighter interfacial layers, at which 
Mg is seen to be depleted. Structurally, the disruption in lattice peri-
odicity is seen at the interface: a quasi-square pattern is recognised for 
the Y-rich segregation layers, which is different from the structure of 
MgO. Other trace elements are less likely to segregate as no impurity 
elements of significance can be detected at the Mg/MgO interface in CP 
Mg (Fig. S3). It is now verified that Y segregates at the Mg/{111}MgO 
interface, forming two Y-rich atomic layers. 

Figure 4 reveals in more detail the atomic structure of the Y-rich 
segregation layers at the Mg/{111}MgO interface by atomic-resolution 
HAADF and BF STEM images acquired along the [211]MgO zone axis. 
Clearly, the Y-rich segregation layers have a different structure from the 
MgO matrix. In both Fig. 4(a) and (b) a near-square periodicity (black 
square annotation) is observed for the Y-rich atomic columns over a 
wide range of the interfacial layers, whilst MgO has a rectangle structure 
unit (white rectangle annotation). Domain matching epitaxy [48] is seen 
at the interface: 11 (011)MgO atomic planes match 12 atomic planes of 
the Y-rich layers. With the MgO matrix as the internal reference for the 
measurement [49], the average size of the quasi-square pattern of the 
Y-rich columns is 2.73±0.1 Å in width (along the interface) and 2.63 

±0.1 Å in height (perpendicular to the interface). It is noted that the 
value 2.63 Å is almost identical to the {200} interplanar spacing for an 
FCC Y2O3 crystal (nominally 2.632 Å,) [50]. An additional epitaxial 
layer rich in Mg (as deduced from the EELS analysis in Fig. 3(b)) can be 
distinguished right above the Y-rich layers, having the same arrange-
ment as Y-rich columns whilst similar contrast as the Mg columns inside 
the MgO (Fig. 3(b) and Fig. 4). It is suggested that this could be the 
fingerprint inherited from the prenucleation process of αMg, which shall 

warrant further dedicated work. Due to oxygen’s low Z number, O col-
umns are often invisible by HAADF imaging. However, some 
dark-contrast columns are visible in the corresponding BF STEM images 
(Fig. 4(b) and (d)), whose equivalent positions on Fig. 4(c) are the 
centres of the quasi squares. This suggests that O is present in the Y-rich 
segregation layers, which will be confirmed later by EELS examinations 
(Fig. 5). The STEM/EDS maps across the Mg/{111}MgO interface 
(Fig. S4) show that O signal is detected at the location of Y-rich layers, 
where the O intensity is visibly stronger than that in the Mg matrix. 
Besides, the original Mg-terminating {111} atomic layer is replaced by 
the Y-rich atomic layers, leaving an oxygen atomic layer between the 
Y-rich segregation layers and MgO matrix (Fig. 4(b) and (d)). 

Given such a thin Y-rich segregation layer, the possible contributions 
to the recorded Mg and O intensity of delocalized inelastic scattering 
from the adjacent Mg and MgO phases during EELS acquisitions make it 
difficult to quantify the chemical composition merely based on peak 
intensities. Nevertheless, the electron energy-loss near-edge structure 
(ELNES) of the corresponding core-loss edges provides indications about 
the bonding information of the atoms within the segregation layer and 
across the Mg/MgO interface. Fig. 5 compares the EELS spectra acquired 
from the five locations (marked by lines ‘1’ to ‘5’ with different colours) 
across the interface, verifying the involvement of O in the Y-rich inter-
facial layers. The intensity of the O K edge in spectrum ‘4’ (interfacial 
layers) is lower than that in spectra ‘1’ to ‘3’ (MgO) but much stronger 
than that in spectrum ‘5’ (corresponding to the Mg matrix: here, any 
non-zero O K intensity is attributed to the oxidation on the specimen 
surface). Furthermore, the ELNES of O K edges gradually evolves into 
two peaks upon approaching the interface (as indicated by dashed lines) 
until the position where the ELNES closely resembles the O K fine 
structure of a standard Y2O3 EELS spectrum [51]. This strongly suggests 
that O atoms exist between the two Y atomic layers and that the bonding 
environment of the Y atoms in the segregation layer is similar to that of Y 
atoms in a bulk Y2O3 crystal, i.e., Y-O bond. 

The ELNES of the Mg K edge was also examined to verify if Mg is 
involved in the Y-rich segregation layers. Fig. 6 shows the EELS spectra 
from three locations across the interface (marked by regions ‘1-MgO’, ‘2- 
interface’ and ‘3-Mg’ with different colours in Fig. 6(a)), and the cor-
responding EELS elemental map of Mg. Some Mg K edge intensity is 
observed at the interface (position ‘2’), but at a level considerably lower 
than that in spectra ‘1’ and ‘3’ acquired from the regions inside MgO and 
Mg, respectively, suggesting a local depletion of Mg. The dissimilarity 
between the Mg K near edge structure in curves ‘2’ and ‘1’ excludes the 

Fig. 3. Confirmation of Y segregation at the 
Mg/{111}MgO interface. (a) EELS spectra ac-
quired from different positions across the Mg/ 
{111}MgO interface in Mg-0.5Y: ‘1’ (black) from 
the MgO particle, ‘2’ (orange) from the inter-
face, and ‘3’ (pink) from the Mg matrix; and (b) 
HAADF STEM image and the corresponding 
EELS elemental maps of ‘Mg’ and ‘Y’ and 
‘Mg+Y’ composite, confirming Y atoms 
concentrate in the interfacial layers at Mg/ 
{111}MgO interface. Although the spectra in (a) 
are shown in ‘arbitrary units’ and vertically 
shifted for clarity, they are on the same vertical 
scale for intensity comparison.   
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Fig. 4. Atomic-resolution (a, c) HAADF and (b, d) BF STEM images across an Mg/{111}MgO interface showing the atomic structure of Y-rich segregation layers at the 
interface in Mg-0.5Y. The incident beam was parallel to the [211]MgO zone axis. 

Fig. 5. Existence of O in the segregation layers 
confirmed by the energy-loss near edge- 
structure (ELNES) analysis of the O K edge 
across the Mg/{111}MgO interface in Mg-0.5Y, 
the incident electron beam was parallel to 
<011>MgO. (a) Simultaneous HAADF image 
during EELS SI acquisition; and (b) EELS 
spectra extracted from five regions marked by 
different colours in (a) showing the evolution of 
ELNES of ‘O’ K edges across the Mg/{111}MgO 
interface with the Y-rich atomic layers. 
Although the spectra 1-5 in (b) are shown in 
‘arbitrary units’ and vertically shifted for 
clarity, they are on the same vertical scale for 
intensity comparison.   
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presence of Mg in the Y-rich segregation layer as Mg2+. In contrast, a 
similarity in shape is seen between curves ‘2’ and ‘3’, suggesting that the 
residual Mg atoms detected in the interfacial region are metallic-like 
rather than ionic-bonded. In other words, Mg is absent in the Y-rich 
segregation layers (in the Mg2+ state), and the detected Mg signal at the 
interface by the EELS is mainly from the Mg matrix close to or over-
lapping with the segregation layers. 

By now, we have identified structurally and chemically the similarity 
of the segregation layers to a reported FCC Y2O3 crystal [49]. A further 
HAADF STEM characterization of the Mg/{111}MgO interfaces in Fig. 7 
from two perpendicular directions and one additional direction 
in-between provides confidence in these conclusions. As expected, the 
structure of the Y-rich segregation layers is different from the MgO 
matrix under all viewing directions. It is noted that the quasi-square 
pattern observed under the [211]MgO zone axis (Fig. 7(a)) disappears 
and the Y-rich segregation layers become ‘fuzzy’ when the sample is 
rotated 30◦ to be viewed along the [101]MgO direction (Fig. 7(b)). When 
the structure is further rotated by 90◦ to the [011]MgO zone axis (Fig. 7 
(c) and Fig. S5), the brighter atomic columns are resolved again, with 
the reappearance of the quasi-square pattern. The same pattern from the 
two perpendicular directions suggests that the symmetry of the Y-rich 
segregation layers, along its normal, is fourfold, which is different from 
the sixfold/threefold symmetry for the {111}MgO plane. 

Therefore, the Y- and O-rich segregation layers can be identified as a 
two-dimensional compound (2DC) with a structure and composition 
similar to the reported FCC Y2O3 crystal [49], albeit with a slight vari-
ation in ‘lattice constant’. Residual strains remain in Y2O3 2DC with 
respect to the strain-free bulk Y2O3 as the MgO/Y2O3 2DC with 11/12 
matching does not fully accommodate the lattice misfit between Y2O3 
2DC and MgO (Fig. 4). The orientation relationship (OR) between the 
MgO substrate and Y2O3 2DC is identified as OR1: (111) 
[011]MgO//(100)[010]Y2O32DC (Fig. S6). A proposed 3-dimensional 
atomic configuration across the interface can be established accord-
ingly (Fig. 8(a)). The model projections from [011]MgO, [101]MgO and 
[211]MgO directions are shown in Fig. 8(b-d), with the corresponding 
simulated HAADF images (by QSTEM package [46] and using parame-
ters reflecting experimental conditions) presented in Fig. 8(e-g). Com-
parisons with the experimental HAADF STEM images (Fig. 7(a-c)) show 
excellent agreement, verifying the proposed structure and chemistry of 
the Y2O3 2DC segregation layers. After rotating 45◦ around the facet’s 
normal, the quasi-square pattern changes to the expected lattice 

Fig. 6. Exclusion of Mg in the segregation layers confirmed by the ELNES analysis of the Mg K edge across the Mg/{111}MgO interface in Mg-0.5Y, the incident 
electron beam was parallel to <011>MgO. (a) Simultaneous HAADF image during EELS SI acquisition; (b) EELS spectra extracted respectively from the marked (‘1’, 
black) MgO, (‘2’, orange) MgO/Mg interface and (‘3’, pink) Mg regions in (a); and (c) EELS elemental map showing the Mg depletion at the Mg/{111}MgO interface 
where Y atoms segregate. Although the spectra in (b) are shown in ‘arbitrary units’ and vertically shifted for clarity, they are on the same vertical scale for in-
tensity comparison. 

Fig. 7. Atomic structure of the Y-rich segregation layers at Mg/{111}MgO 
interface in Mg-0.5Y examined by atomic resolution HAADF STEM images from 
three different viewing directions. (a) [211]MgO; (b) [101]MgO; and 
(c) [011]MgO. 
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structure of Y2O3 2DC, as shown in Fig. S7. Moreover, the Y2O3 2DC at a 
single Mg/(111)MgO interface was observed with 
simultaneously-acquired HAADF and iDPC STEM images from consec-
utive [101]MgO, [312]MgO, [211]MgO projections within a 30◦ tilting 
range (Fig. S8). Despite the beam damage to the Y2O3 2DC during STEM 
observation at 300 kV, the quasi-square patterns of the Y-rich atomic 
columns can be recognized, in agreement with the atomic structure 

based on the proposed atomic model in this projection. Damage from the 
electron beam is likely also to affect the O atomic columns in the Y2O3 
2DC, leading to a weakened-signal intensity and degraded periodicity. 

3.4. Segregation of Y at the Mg/{100}MgO interface 

Y segregation was also observed at the Mg/{100}MgO interface, 

Fig. 8. (a) Three-dimensional illustration of the derived atomic model showing the Y2O3 2DC layers on top of the (111)MgO facet; (b-d) projections along (b) [211], 
(c) [011]MgO, and (d) [101]MgO directions, respectively; and (e-g) the corresponding simulated STEM HAADF images using the QSTEM software package. 

Fig. 9. Atomic structure of the Y-rich segregation layer at the Mg/{100}MgO interface in Mg-0.5Y examined by atomic resolution HAADF STEM images from two 
viewing directions. (a) [001]MgO; and (b) [011]MgO. 
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whose structure and chemistry are significantly different from those at 
the Mg/{111}MgO interface. The HAADF STEM images (Fig. 9) illustrate 
at the atomic scale how Y decorates the Mg/{100}MgO interface in Mg- 
0.5Y. The segregation of heavier Y atoms appears as atomic columns 
of higher brightness at the Mg/{100}MgO interface, being a monolayer 
coherent with the {100}MgO substrate. The monolayer presents an 
alternating dark-bright-dark pattern when observed along the [001]MgO 
zone axis (Fig. 9(a)), whereas for pure MgO each atomic column origi-
nally contains 50% Mg atoms and 50% O atoms to have equal intensity. 
This suggests a particular manner in which Y segregates to an Mg/ 
{100}MgO interface. The separation of Mg and O columns, when viewed 
in the [011]MgO projection (Fig. 9(b)), helps identify that Y atoms 

occupy the Mg sites, where the interfacial monolayer’s pattern appears 
as continuous brighter dots, whose positions nearly coincide with those 
expected of Mg columns in the MgO substrate, with minor displace-
ments. More precisely, the Y-rich columns are elongated when observed 
in both zone axes, with a vertical protrusion of about 0.62±0.05 Å being 
identified with respect to the terminating (100)MgO plane. The elongated 
columns in the monolayer are attributed to the existence of Mg/O atoms 
(Fig. 9(a)) or Mg atoms (Fig. 9(b)) underneath and right in the original 
terminating (100)MgO plane. Therefore, Y atoms partially occupy spe-
cific terminating Mg atomic positions and vertically deviate from the Mg 
sites by 0.62 Å. The atomic resolution STEM/EDS maps in Fig. 10 show 
the chemical compositions across the Mg/{100}MgO interface under the 

Fig. 10. STEM/EDS mapping showing the 
elemental distributions across the Mg/ 
{100}MgO interface with the Y-rich monolayer, 
the incident beam was parallel to [011]MgO. (a) 
HAADF STEM image; and (b-f) EDS elemental 
maps of (b) ‘O’; (c) ‘Mg’; (d) ‘Y’; and (e) 
‘Mg+O+Y’. (f) Enlarged local areas on (e) with 
the superimposed atomic model. Green and red 
diamond marks represent the Mg and O lattices, 
respectively. The dashed green circles highlight 
the partial occupancy of Mg columns by segre-
gated Y atoms at the interface.   
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[011]MgO zone axis. The Mg and O maps follow the atomic periodicity of 
MgO across the interface under this projection. It is identified that the Y- 
rich columns occupy the Mg sites in the terminating (100)MgO atomic 
plane. An example is highlighted by the dashed circles, where vertical 
protrusion of the Y-rich column is also noticed. The weak intensity of the 
remaining Mg atomic columns strongly suggests partial occupancy. 
Taken together, the HAADF STEM images and STEM/EDS results pro-
vide conclusive evidence that Y atoms selectively replace part of the 
terminating Mg atoms along with a slight geometric deviation perpen-
dicular to the interface, likely due to the different ionic size of Y. 
Nevertheless, the Y occupation fraction in the interfacial monolayer 
remains to be determined. 

The atomic configuration of the Y-rich monolayer at the Mg/ 
{100}MgO interface is therefore established based on the above experi-
mental observations. Fig. 11(a) and (b) compare the in-plane atomic 
arrangement of the Y-rich monolayer and the original (100)MgO plane, 
where Y atoms proportionally substitute the Mg atoms in a primitive 
square lattice pattern (aMgO* aMgO) marked by the dash green spheres (0 

< y% < 100%), and offset 0.62 Å vertically. As projected along [001]MgO 
(Fig. 11(c)), every brighter and elongated atomic column of the mono-
layer contains y/2% Y (orange spheres), (50-y/2)% Mg (green dash 
spheres) and 50% O (black spheres) atoms, while every dark column of 
the monolayer contains 50% Mg (green spheres) and 50% O atoms; this 
is fully consistent with the observed periodic dark-bright-dark pattern 
(Fig. 9(a)). When viewed along [011]MgO direction (Fig. 11(d)), every 
brighter column in the monolayer contains y/2% Y atoms and (100-y/ 
2)% Mg atoms. The monolayer presents as continuous brighter dots in 
HAADF STEM images (Fig. 9(b)) where O columns in between are 
almost invisible. The Y-rich monolayer therefore can be denoted as Mg 
(Y)-O 2DC, which is coherent to the (100)MgO facet as illustrated by the 
schematic in Fig. 11(e). Unfortunately, it was impossible to confirm local 
bonding through EELS spectrum imaging across the Mg/{100}MgO 
interface with Mg(Y)-O-2DC because of beam damage. Although a 
quantitative determination of the percentage of the Y in the interfacial 
monolayer is beyond the limit of the applied STEM-EELS or STEM-EDS 
in this work, HAADF image simulation was carried out to 

Fig. 11. (a) Atomic model of the termination of Mg(Y)-O 2DC monolayer, where y% Mg atoms with dash-circle marks in a (aMgO *aMgO) sublattice are replaced by Y 
atoms; (b) atomic model of the (100)MgO termination layer; (c-d) atomic configuration of Y, Mg and O atoms in the 2DC layer projected respectively along (c) 
[001]MgO and (d) [011]MgO directions; (e) three-dimensional illustration of the derived atomic model showing the segregation layers on top of the (100)MgO facet; and 
(g-h) simulated STEM HAADF images along the corresponding (f) [001]MgO and (g) [011]MgO directions using the QSTEM software package with varying number 
percentages of the Y atoms (y

2% from 10% to 50%) in the brighter atomic columns. 
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approximately estimate the composition of Y in the interfacial mono-
layer, as shown in Fig. 11(f) and (g). It is noticed that the brighter col-
umns in the simulated images start having a vertical elongation when y/ 
2% ≤ 30%. Specifically, when y/2% = 20%-30%, the brightness ratios 
of the Y-rich columns to the Mg/O columns (Fig. 11(f)) and the Mg 
columns (Fig. 11(g)) are close to those in the experimental HAADF im-
ages. This suggests that each Y-rich column contains about 20-30% Y, 
30-20% Mg, and 50% O under the [001]MgO projection, while it contains 
about 20-30% Y atoms and 80-70% Mg atoms when viewed along the 
[011]MgO direction. 

3.5. Native Y-decorated MgO particles enhance grain refinement 

The employment of HSMC to the CP Mg melt disperses native MgO 
particles and promotes a certain level of CET and grain refinement. As 
shown in Fig. 12(a) and (b), fine and equiaxed grains are seen in the 
central region of the CPMg-HSMC-TP-1 ingot. The average grain size is 
235.4±18.1 µm. After the addition of 0.5Y, further grain refinement is 
achieved in Mg-0.5Y-HSMC-TP-1 (Fig. 12(c) and (d)), where the grain 
structure is much finer and more uniform across the TP-1 ingot, with an 
average grain size of 105.5±4.3 µm. The grain size reduction is majorly 

attributed to the dispersity of Y-modified native MgO particles, in 
addition to a minor contribution from the weak growth restriction 
provided by 0.5Y, which only corresponds to a growth restriction factor 
Q=0.85 K. The grain structure is not homogeneous across the TP-1 ingot, 
due to expected differences in cooling conditions from the mould wall to 
the mould centre during the TP-1 casting. In the region with coarser 
grain size, constitutional undercooling is suppressed due to the slow 
atomic diffusion under a specific fast cooling rate [52]. The existing 
grains grow rapidly during this delay period to a large size, and release 
latent heat to cause recalescence that ceases further nucleation events. 
Such a necklace pattern can be mitigated by solutes with high diffusivity 
or increased growth restriction. In contrast, the lack of a sufficient 
number of nucleating substrates and adequate growth restriction causes 
a columnar and coarse grain structure in CPMg-TP-1 without HSMC 
treatment (Fig. S12(a) and (b)). Modification of native MgO particles in 
poor dispersity barely affects the grain size. The addition of 0.5Y does 
not achieve the columnar-to-equiaxed transition (CET) in Mg-0.5Y-TP-1, 
whose grain structure remains columnar with grains of large size 
(Fig. S12(c) and (d)). The quantified average width of the columnar 
grains is 816 ± 95.9 µm and 718.6 ± 225.9 µm for CPMg-TP-1 and 
Mg-0.5Y-TP-1, respectively. 

Fig. 12. Optical micrographs showing grain refinement improved by dispersed native MgO particles with modifications by the segregation of Y. (a-b) CP Mg-HSMC, 
235.4±18.1 µm; and (c-d) Mg-0.5Y-HSMC, 105.5±4.3 µm. Both melts were treated by high shear melt conditioning before casting into TP-1 mould. 
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4. Discussion 

4.1. Formation mechanism of 2DCs at the liquid-Mg/MgO interface 

Elemental segregation is a general phenomenon occurring at various 
interfaces driven by the reduction of the total Gibbs free energy of the 
system [20,45]. It has been widely observed at the melt/substrate in-
terfaces in various Al- and Mg alloys containing different inoculant 
particles [9,13,14,25,27]. This study provides for the first time experi-
mental observations, analyses, and identifications of the formation of 
Y-segregation 2DCs at the Mg/MgO interfaces in a solidified Mg-0.5Y 
sample. However, the question remains whether their formations 
occur above liquidus or during the cooling of solid. 

A process of elimination helps to reach a likely conclusion. As one of 
the generic complexion transitions appearing at general interfaces, 
elemental segregation appears as abrupt changes in structure or/and 
chemistry that are usually accompanied by discontinuous changes in 
macroscopic properties [53–55]. Similarly, the potency modification 
after elemental segregation generally affects the grain refinement 
behaviour of metallic materials [13,25,26]. The grain size will not 
change if the Y-segregation 2DCs form in the solid state during cooling, 
which contradicts our experimental results in Fig. 12 and Fig. S12. 
Moreover, if the segregation of Y occurs in the solid state, it is expected 
to have different types of complexions as a function of the geometric 
configurations of interfaces. It has been reported that monolayer, 
bilayer, trilayer or even nano-sized layers can form depending on the 
misorientation of grain boundary [54,56]. It also conflicts with experi-
mental observations that there is only a unique type of Y-rich 2DC at 
each type of the Mg/MgO interface. Therefore, it is less likely that 
Y-segregation 2DCs form in the solid state. It sounds promising that the 
segregation of Y occurs in the Mg-0.5Y melt, forming specifically Y2O3 
2DC at the liquid-Mg/{111}MgO interface and Mg(Y)-O 2DC monolayer 
at the liquid-Mg/{100}MgO interface, which changes the nucleation 
potency of native MgO particles as well as the as-cast grain size. 

An extension of the Gibbs adsorption Isotherm has been recently 
proposed to quantitatively describe the interfacial segregation of solute 
in a dilute alloy melt [57]. The equation (25) in Ref. [57] suggests that 
interfacial segregation is favoured by i) a negative difference in inter-
facial energies approximated by Δγ = γi

Y(L)/MgO − γi
Mg(L)/MgO in this case, 

ii) a positive interaction term Ω of a regular solution between solvent 
and solute atoms related to a positive enthalpy of mixing ΔmixHLiquid

Mg− Y , and 
(iii) a positive difference in entropies of fusion between pure solvent and 
solute ΔSi = ΔfusSMg − ΔfusSY [57]. 

A strong attractive interaction among Mg and Y in the liquid solution 
is proven to exist from a comprehensive CALHAD assessment of that 
binary system [58] and the following data is calculated from these 
thermodynamic parameters using the Pandat software [59]. A large 
negative value of the mixing enthalpy with the minimum value of 
ΔmixHLiquid

Mg− Y = − 10.6 kJ/mol at 41 at.% Y is obtained from the subregular 
solution [58]. The approximation by a regular solution equation to fit 
the dilute, Mg-rich range results in ΔmixHLiquid,reg

Mg− Y = − 14 kJ/mol at 50 at. 
% Y, corresponding to the interaction term Ω = -56 kJ/mol. This strong 
negative term impedes the interfacial segregation of Y. The coordination 
numbers Zl = 9, ZV = 12, Z = 13, in the notation of Ref. [57], are used for 
the numerical calculations. Although the value of the entropy difference, 
ΔSi = 2.837 J/mol/K calculated from Ref. [58], is positive it only ac-
counts for a small promotive contribution to the interfacial segregation 
of Y. At 700◦C its contribution is about 18 times smaller compared to the 
impeding Ω term. The remaining impeding effect can be cancelled if the 
value of Δγ is negatively large enough. The interfacial energies of pure 
liquid elements and MgO are not known. However, the difference Δγ can 
be predicted by solving equation (25) in Ref. [57] with the data given 
above. At 700◦C the limit is Δγ < -1.05 J/m2 to result in enrichment of Y. 
The value of Δγ = -1.39 J/m2 is obtained for reasonable atomic 

segregation of factor 10 with 1.137 at.% Y (4.0 wt.% Y) at the Liq-
uid/{111}MgO interface from the bulk Mg-0.5Y (0.137 at.% Y) melt. The 
value may not be quantitatively precise as it depends on the accuracy of 
input data and assumptions in the model, where Δγ stands for the liquid 
component difference. However, it may qualitatively indicate that the 
segregation of Y solute atoms to the liquid-Mg/MgO interface should 
give rise to the reduction of interfacial energy. 

The thermodynamic conditions for the formation of bulk Y2O3 par-
ticles, which were rarely observed in Mg-0.5Y, are revealed by the 
isothermal section at 700◦C and ambient pressure of the equilibrium 
phase diagram for the Mg-Y-O ternary system (Fig. 13). It is calculated 
using Pandat and the PanMg database [60]. The magnified Mg-rich part 
in Fig. 13(b) shows that the bulk Mg-0.5Y liquid alloy is saturated at 
0.24 wt.% O with MgO. This small oxygen content is readily picked up 
from the ambient during melting because of the extremely low partial 
pressure of O2, p(O2) = 4.9•10− 54 bar, calculated at the tie line Liq-
uid+MgO. Therefore, MgO is the only stable native oxide in that alloy 
which is also observed experimentally. More than 3.9 wt.% Y in the 
liquid alloy is required to expect Y2O3 as the stable bulk oxide. It is 
interesting to note that under the assumed segregation of factor 10 with 
4.0 wt.% Y in the liquid monolayer at the Liquid/{111}MgO interface one 
could obtain a local three-phase equilibrium with Y2O3 at that interface. 
Y could be an active segregating element as its segregation tendency can 
be found in other systems, where the phenomena could be simply un-
derstood as driven by the reduction of surface/interface/grain-boundary 
free energy [61–63]. On the contrary, the atomistic mechanism varies. 
For instance, the large work of adhesion of Y to the MgO {111} surface 
results from the band filling modification and orbital hybridization [61]. 
The strong Y-O bonds of partial covalent characteristics were also 
attributed to the segregation of Y that stabilises the Σ31 grain boundary 
of alumina [62]. In the Mg-Y alloy, the segregation of Y at grain 
boundaries is driven by both the atomic size misfit and the synergetic 
interaction between Y and impurity Ni [63]. 

4.1.1. Y2O3 2DC at the Mg/{111}MgO interface 
The terminating {111}MgO is a polar facet that is screened by the 

surrounding Mg matrix, where the terminating Mg atoms only have 
three ‘Mg-O’ bonds to the O atoms beneath. As a result, they are under- 
coordinated compared to the ones inside with six bonds. In the Mg-0.5Y 
melt, the segregation of Y gradually builds up excess Y atoms at the 
interface and reduces the interfacial energy. Once the composition 
reaches a critical value, the weakly-bonded terminating Mg atoms 
({111}Mg(MgO)) are replaced by the Y atoms that form stronger but 
longer bonds to the oxygen atoms beneath ({111}O(MgO)) [49,50,64]. If a 
Y monolayer forms epitaxially on the original {111}Mg(MgO) site, it 
would be unstable due to the longer ‘Y-O’ bond length than ‘Mg-O’ (2.28 
Å [49] vs. 2.11 Å [50]), the differences in valence state (Y3+ vs. Mg2+), 
and atomic size (RY = 2.12 Å vs. RMg =1.45 Å [65]). The interfacial Y 
atoms, therefore, have to locally readjust together with O atoms, form-
ing a Y2O3 2DC with a different structure from MgO under the identified 
OR1 (Fig. 8) to stabilize the interfacial structure. Furthermore, the 
thermodynamic criterion in Fig. 13 and the absence of driving force 
from interfacial energy reduction for Y segregation towards a Y2O3 
interface together prevent the Y2O3 2DC from thickening and rule out 
the further growth or even the formation of a bulk Y2O3 phase. 

4.1.2. Mg(Y)-O 2DC monolayer at the Mg/{100}MgO interface 
The terminating {100}MgO is non-polar, containing 50% Mg and 50% 

O atoms that share the same face-centred sublattice with a translating 
shift of 1

2 <100>MgO from each other (Fig. 11(b)). The substitution of 
these Mg atoms is relatively more difficult than that at the Mg/{111}MgO 
interface since each terminating Mg atom is bonded by five surrounding 
O atoms (just slightly under-coordinated). Similarly, due to the differ-
ences in bond length, valence state, atomic size, and the repulsive 
coulomb force, the whole replacement of {100}Mg(MgO) by Y will add 
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more energy penalty to the system; only part of them in the terminating 
layer can be substituted. The proportional substitutions of the 
(aMgO*aMgO) Mg sublattice (Fig. 11(a)) by Y atoms ensure the Y-Y 
spacings and a balance between the system’s total free energy and the 
charge penalty. Owing to the larger bond length, the substituting Y 
atoms are not stable at the original Mg sites, the accommodation re-
quires a vertical offset 0.62 Å (Fig. 9 and Fig. 10), which increases the Y- 

O distance to 2.2 Å (closer to 2.28 Å in Y2O3 [49]). This is in analogy to 
the case where segregated Y atoms energetically prefer expanded posi-
tions along a Σ31 grain boundary of alumina [62]. In the meantime, the 
formation of Mg vacancies could be a way to maintain charge neutrality. 
Vacancy defects could cause local strain fields that add more contrast to 
the coherent Mg(Y)-O 2DC under the MAADF STEM mode (Fig. 2(b) and 
(e)). 

Fig. 13. Isothermal section at 700◦C of the equilibrium phase diagram of Mg-Y-O ternary system calculated by Pandat and PanMg with (a) complete composition 
range and (b) Mg-rich corner with Y content up to 8 wt.%. 

Fig. 14. Schematics showing the atomic matching between the Y2O3 2DC-decorated {111} MgO particle and Mg matrix under certain orientation relationships. (a-c) 
The atomic configurations of the matching planes of (a) (111)MgO, (b) (100)Y2O32DC and (c) (1120)Mg; (d-e) overlapping atomic configuration and lattice misfit 
measurements based on (d) OR1: (111)[011]MgO // (100)[010]Y2O32DC and (e) OR2: (100)[010]Y2O32DC // (1120)[1100]Mg. 

S. Wang et al.                                                                                                                                                                                                                                   



Acta Materialia 257 (2023) 119147

14

4.2. Nucleation potency manipulated by Y-segregation 2DCs 

Y-segregation 2DCs modify native MgO particles and act as new 
substrates for nucleating αMg. Their structure and composition, which 
are different from the original terminating facets, cause variations in 
nucleation potency. 

4.2.1. Y2O3 2DC enhances nucleation potency of {111} MgO 
A good crystallographic match between two phases at the interface is 

widely accepted as a prerequisite for a low-energy configuration. 
Therefore, the lattice misfit at the interface between a solid phase and a 
substrate is one of the important factors determining the substrate’s 
nucleation potency [2,7,8,66]. The {111} MgO was considered a rela-
tively impotent substrate to nucleate αMg due to the relatively large 
lattice misfit of 7.9 % under the orientation relationship of (111) 
[011]MgO//(0002)[1120]Mg [30]. As illustrated by the atomic matching 
under certain ORs in Fig. 14, the Y2O3 2DC formed on a {111} MgO 
substrate, acting as an intermediate, significantly reduces the misfit 
value to 1.7 %, hence rendering the modified {111} MgO more potent 
for nucleating αMg. There is a semi-coherent interface between {111} 
MgO and Y2O3 2DC under the observed OR1, with the calculated lattice 
misfits being 5.6 % and -9.0 % along [211]MgO//[001]Y2O32DC and 
[011]MgO//[010]Y2O32DC directions, respectively. The intermediate 
Y2O3 2DC achieves a minimum misfit with the αMg under OR2: (100) 
[010]Y2O32DC//(1120)[1100]Mg, being 1.7% along the direction of 
[010]Y2O32DC//[1100]Mg. A similar OR had been experimentally 
observed between the nucleated Mg crystalline flakes and micron-sized 
BCC Y2O3 particles in an Mg77Cu12Y6Zn5 metallic glass system, which 
is (040)[100]B-Y2O3//(1210)[1100]Mg [67]. Furthermore, we reidentify 
the phase at the intermediate zone between Mg flakes and BCC Y2O3 as 
FCC Y2O3 rather than Cu after carefully reanalysing the HRTEM and 
STEM/EDS results in Ref. [67]. The intermediate FCC Y2O3 holds a 
cube-on-cube OR with BCC Y2O3, thus owning the same OR2 with the 
Mg flakes. The experimental validation of OR2 and the low lattice misfit 
accordingly verify that Y2O3 2DC is potent for nucleating αMg. In other 
words, the segregation of Y has manipulated {111} MgO into a substrate 
of better potency for the nucleation of αMg. 

In addition to the structural considerations, previous work has sug-
gested that chemistry also plays an important role in determining the 
potency of a substrate [10–14]. By attracting liquid atoms for 
pre-nucleation above liquidus, the presence of ‘attractive’ elements 
promotes the subsequent heterogeneous nucleation [11]. The concept of 
‘attractiveness’ can be evaluated by the regular mixing enthalpy be-
tween two element atoms in the liquid phase. According to our results, Y 
atoms of Y2O3 2DC serve as the element in direct contact with the liquid 
Mg atoms (Fig. 4 and Fig. S8). The regular mixing enthalpy between Y 
and Mg in the liquid, as calculated above, is ΔmixHLiquid,reg

Mg− Y = − 14 kJ 
/mol, suggesting a strong attractive force between Y and Mg atoms, 
which leads to a promotion of prenucleation resulting in enhancements 
of both atomic layering and in-plane ordering. The following hetero-
geneous nucleation will be promoted as well since the end state of 
prenucleation serves as the starting point for heterogeneous nucleation. 

4.2.2. Mg(Y)-O 2DC reduces nucleation potency of {100} MgO 
With a lattice misfit of 7.9 % to αMg based on the observed OR, cubic 

{100} MgO was also treated as a relatively impotent substrate [30]. In 
addition, the nucleation potency deteriorates further as the terminating 
{100}MgO planes are atomically rough as a result of the different 
chemical affinities of terminating O2− and Mg2+ ions to the liquid Mg 
atoms [12]. 

After the addition of 0.5Y, the newly formed Y-containing mono-
layer, i.e. the Mg(Y)-O 2DC, coherently matches the {100}MgO plane, 
therefore does not alter the original lattice misfit between the MgO and 
solid Mg. However, the vertical protrusion by 0.62 Å of the Y atoms 
(Fig. 9 and Fig. 10) introduces extra atomic roughness to the 2DC layer, 

which expectedly impedes the prenucleation [17] and thus leads to the 
decrease of the {100} MgO particles’ nucleation potency. This may 
outweigh the positive factor of attractiveness between liquid Mg and 
terminated Y atoms. Furthermore, there are various types of chemical 
bonds between the Y, Mg and O atoms in the 2DC layer, and such 
complex configuration of chemical bonds may interfere with the atomic 
ordering of the liquid Mg atoms close to the interface. This further im-
pedes the prenucleation behaviour; the poorly ordered crystalline Mg 
atomic layers act as a poor precursor for subsequent nucleation. As a 
result, the formation of the atomically rough Mg(Y)-O 2DC at the 
Mg/{100}MgO interface would decrease the nucleation potency of cubic 
{100} MgO particles, despite an unchanged lattice misfit. 

4.3. Grain refining mechanism in Mg-0.5Y-HSMC 

The grain size after solidification is determined by the number 
density of nuclei that are able to freely grow before recalescence; 
nucleant particle’s potency, number density and solutes are critical for 
grain refinement. Without sufficient potent particles and growth re-
striction, the solidified Mg-0.5Y is comprised of columnar grains of large 
width (Fig. S12(c) and (d)). Solidification with sufficient particles but 
insufficient solutes causes fine columnar grains, such as the near-mould 
parts of CP Mg-HSMC shown in Fig. 12(a) and (b). 

In Mg-0.5Y-HSMC, the addition of 0.5Y and the application of HSMC 
synergistically lead to a couple of positive effects on grain refinement. 
Firstly, the formation of Y2O3 2DC manipulates the relatively impotent 
{111} MgO particles into potent substrates. Although the Mg(Y)-O 2DC 
further degrades the potency of {100} MgO particles and the possible 
truncated {100} facets on {111} MgO particles, they do not disturb the 
grain refinement as a consequence of nucleation competition [7]. 
Moreover, since {111} MgO particles account for the major component 
of native MgO, there are sufficient potent particles even after the loss of 
impotent {100} MgO particles. Secondly, HSMC accelerates the process 
of Y segregation by stimulating mass transport in the Mg-0.5Y melt [25]. 
Meanwhile, Y segregation enhances the dispersion of native MgO par-
ticles during HSMC treatment by reducing interfacial energy [68]. 
Copious potent {111} MgO particles with Y2O3 2DC are therefore 
created in the melt of Mg-0.5Y-HSMC. Lastly, 0.5Y also provides suffi-
cient growth restriction to enable more potent {111} MgO particles to 
participate in nucleation and grain initiation before recalescence, 
eventually causing the CET and grain refinement. 

In summary, the grain refining mechanism in Mg-0.5Y-HSMC can be 
attributed to the enhanced potency of {111} MgO particles with Y2O3 
2DC modification, their dispersity and abundant number density, and 
the sufficient growth restriction provided by 0.5Y. 

4.4. Atomic engineering of nucleant substrate through elemental 
segregation 

The compatibility of atomic configuration and chemistry at the 
interface between a nucleant substrate and the nucleated solid de-
termines how potent the substrate is. Once the added alloying elements 
segregate to the metal/substrate interface, the structural and chemical 
state of the terminating surface is modified; its nucleation potency is 
thus altered accordingly. This experimental work has demonstrated 
conclusively that Y segregation can atomically engineer the native 
MgO’s potency through the formation of Y-rich 2DCs. Specifically, the 
Y2O3 2DC reduces the lattice misfit with Mg solid down to 1.7 % and has 
chemical attractiveness to the liquid Mg atoms, rendering the {111} 
MgO particles more potent substrates. In contrast, the Mg(Y)-O 2DC 
degrades further the relatively impotent {100} MgO by introducing 
atomic-level surface roughness. 

Our experimental observations of Y segregation at Mg/MgO in-
terfaces add to the already wide body of research about interfacial 
segregation [4,9,10,13,14,21,25,27], demonstrating that atomic engi-
neering of metal/substrate interfaces could be a common phenomenon 
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of critical importance in understanding the solidification process and 
designing desired microstructure. For example, it has been widely 
accepted that the potency variation of TiB2 substrates through the 
segregation of Ti, Zr, or Si determines the final grain size of the inocu-
lated Al alloys. Besides, minor additions of Ca and Zr cause significant 
grain refinement respectively in Mg-Ca [36] and Mg-Zr [21] alloys with 
HSMC treatment, with further solute additions (Zr < 0.3 %) affecting 
marginally the grain size. It has been demonstrated that the grain 
refinement was attributed to the large numbers of native MgO particles 
whose surfaces have been modified by the interfacial segregation of Ca 
or Zr. 

Atomic engineering through elemental segregation has added an 
extra variable in a solidification process, which not only explains the 
grain refining behaviours in the literature but also offers a strategy to 
take full advantage of either the endogenous or exogenous nucleant 
particles in the melt for grain refinement. According to the configuration 
of nucleant particles in a melt, the performance can be enhanced by 
either impeding or promoting nucleation through atomic engineering. 
Practically, the external addition of grain refiners with particles of 
higher potency than native impurity particles is the traditional approach 
to promote heterogeneous nucleation for grain refinement. In this case, 
maximization of their potency by interfacial segregation is applicable for 
optimal grain refinement. Concurrently, any interfacial segregations 
that poison the nucleant particles must be avoided to prevent nucleation 
competition. Otherwise, the low-number-density native particles take 
over to dominate the solidification process for coarse grain structure. In 
contrast, in the case where a certain type of native particle is already in 
sufficient number density and other types of impurity particles are in 
scarce quantity, impeding their capacity for heterogeneous nucleation 
has been demonstrated to be a new approach to more significant grain 
refinement. This is counterintuitive to the traditional wisdom of making 
nucleant particles more potent for grain refinement. According to the 
explosive grain initiation (EGI) scheme [34], the melt keeps cooling 
down until the thermal undercooling meets the criteria for both het-
erogeneous nucleation and grain initiation on a huge number of impo-
tent particles, which nucleate and initiate grains almost simultaneously 
and cause an immediate recalescence. The grain refinement map sug-
gests that the more impotent the nucleant particles are, the more sig-
nificant grain refinement can be achieved based on the EGI scheme [34]. 
This implies that atomic engineering could offer a strategy to boost grain 
refinement in different circumstances. 

5. Conclusions  

1 The native MgO particles present as predominant inclusions in 
commercial purity (CP) Mg and Mg-0.5Y melts are either {111} or 
{100} faceted, with their morphology being truncated octahedral 
(octahedral) or cubic, respectively. The size of the particles is in the 
range of a few tens to hundreds of nanometers. The addition of 0.5 
wt.% Y to CP-Mg melt does not result in any changes in the phase, 
morphology, size, and size distribution of the native MgO particles.  

2 In Mg-0.5Y, the segregation of Y solute atoms occurs at both the Mg/ 
{111}MgO and Mg/{100}MgO interfaces, leading to the formation of 
interfacial Y-rich 2-dimensional compounds (2DCs). The segregation 
behaviour of Y is greatly affected by atomic configurations of the 
terminating {111}MgO and {100}MgO surface, resulting in differences 
in structure and composition between the two Y-rich 2DCs.  

3 The Y-rich 2DC at the Mg/{111}MgO interface is identified as Y2O3 
2DC, whose structure and chemistry resemble two {200} atomic 
planes of an FCC Y2O3 phase. The orientation relationship between 
the MgO substrate and the Y2O3 2DC above is: (111)[011]MgO // 
(100)[010]Y2O32DC.  

4 The Y-rich 2DC at the Mg/{100}MgO interface is identified as an Mg 
(Y)-O 2DC monolayer coherently matching with the terminating 
{100}MgO substrate, whose formation is through the partial 

substitution of the terminating Mg atoms in an Mg sublattice 
(aMgO*aMgO) by Y atoms. But the Mg(Y)-O 2DC is atomically rough 
due to the vertical protrusion of Y atoms (0.62 Å) relative to the 
original {100}MgO plane.  

5 After the addition of 0.5 wt.% Y and the application of high shear 
melt conditioning that promotes interfacial segregation and particle 
dispersity, the well-dispersed native MgO particles with Y modifi-
cations result in grain refinement in the Mg-0.5Y-HSMC TP-1 ingot.  

6 As verified by extensive transmission electron microscopy work, 
atomic engineering of Mg/MgO interfaces is applicable through the 
segregation of Y. 
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