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Abstract 

In Mg-Ca alloys the grain refining mechanism, in particular regarding the role of nucleant substrates, remains the object of debates. 
Although native MgO is being recognised as a nucleating substrate accounting for grain refinement of Mg alloys, the possible interactions 
of MgO with alloying elements that may alter the nucleation potency have not been elucidated yet. Herein, we design casting experiments 
of Mg-xCa alloys varied qualitatively in number density of native MgO, which are then comprehensively studied by advanced electron 
microscopy. The results show that grain refinement is enhanced as the particle number density of MgO increases. The native MgO particles 
are modified by interfacial layers due to the co-segregation of Ca and N solute atoms at the MgO/Mg interface. Using aberration-corrected 
scanning transmission electron microscopy and electron energy loss spectroscopy, we reveal the nature of these Ca/N interfacial layers at 
the atomic scale. Irrespective of the crystallographic termination of MgO, Ca and N co-segregate at the MgO/Mg interface and occupy Mg 
and O sites, respectively, forming an interfacial structure of a few atomic layers. The interfacial structure is slightly expanded, less ordered 
and defective compared to the MgO matrix due to compositional deviations, whereby the MgO substrate is altered as a poorer template to 
nucleate Mg solid. Upon solidification in a TP-1 mould, the impotent MgO particles account for the grain refining mechanism, where they 
are suggested to participate into nucleation and grain initiation processes in an explosive manner. This work not only reveals the atomic 
engineering of a substrate through interfacial segregation but also demonstrates the effectiveness of a strategy whereby native MgO particles 
can be harnessed for grain refinement in Mg-Ca alloys. 
© 2024 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 
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. Introduction 

The unique physical and chemical properties of magne-
ium (Mg) have promoted a fast expansion of applications in
elds of transportation, 3C and biological industries [1 , 2] . Its
utstanding specific strength makes it one of the engineering
aterial candidates to help and meet the ambitious ‘net-zero’

oals. In terms of manufacturing, casting is the most cost-
fficient process for Near-Net-Shape magnesium products, ac-
ounting for 98.5% of structural applications of magnesium
3] , where grain refinement is essential to improve the cast-
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ng integrity and mechanical properties. Chemical inoculation
hrough external addition to the melt is the traditional practice
or grain refinement [4–6] . The mechanism of grain refine-
ent lies in enhancing nucleation and grain initiation while

mpeding the heat from grain growth, which determines that
ucleants and solutes are essential factors affecting grain re-
nement [4 , 7 , 8] . 

Microalloying offers Mg alloys different physical proper-
ies. Calcium (Ca) is one of the important alloying elements
or magnesium alloys. Its addition underpins strategies for the
nhancement of creep resistance, corrosion resistance, me-
hanical strength, biocompatibility, and grain refinement of
g-Ca alloys [9–12] . The grain refining mechanism of Mg-
a alloys involves the profound growth restriction effect of
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a, as well as the specific nucleant sites in the melt, although
hese remain unknown [5 , 11] . The nature of the nucleating
articles is a general scientific issue for eutectic metallic alloy
ystems. Some recent work indicated that native MgO might
e a nucleating candidate in Mg-Ca alloys, in which CaO was
dded as an alternative to Ca [13–15] . It was proposed that
he reduction product MgO serves as the nucleating substrate,
hile Ca solute released back to the melt provides sufficient
rowth restrictions [13–17] . The work by Ali et al. indicated
hat some CaO particles could survive after reaction and act
s nucleation sites [18] , as evidenced by the identification of
aO at the centre of α-Mg grains, along with the good po-

ency predicted by the crystallographic matching calculation.
n Mg-Ca alloys without the addition of CaO, our previous
ork proposed that the native MgO particles of good dis-
ersion after high shear melt conditioning (HSMC) treatment
ccount for the grain refinement [19 , 20] . However, more re-
earch on the mechanisms at play is required to establish a
ull understanding of grain refinement in these systems and
f the interplay between the native MgO and the Ca solutes.

MgO particles on their own were found to refine the as-
ast microstructure of different Mg alloys, and this was in-
eed once a proposed mechanism for the refinement of Mg-Al
lloys treated by superheating [21] . High-resolution transmis-
ion electron microscopy (HRTEM) recently revealed that the

gO/Mg interface adopts a well-defined orientation relation-
hip [22] , providing clues for why MgO particles can act as
ucleating substrates for the Mg solid. In practice and as a
onsequence of these findings, it was shown that native MgO
gglomerates (oxide films) that possess a potentially high
umber density of nanoparticles could be exploited through
SMC for grain refinement [19 , 20 , 22 , 23] . In addition to ‘ in-

itu’ MgO particles [22–28] , external MgO addition [29 , 30]
as also reported as a means to reduce the grain size of sev-

ral types of Mg alloys after solidification. This work aims to
erify conclusively the role of native MgO in grain refinement
f Mg-Ca alloys, by evaluating the grain size of Mg-Ca alloys
ommensurate with the number density of MgO particles. 

The effect of solutes on grain refinement is not limited to
roviding growth restriction. Extra effects may result from: i )
he chemical reactions with other solutes or inoculants [31–
5] and ii ) interfacial segregation [20 , 36–44] . The possible
hanges in nucleant particles (potency, number density, size
nd size distribution) and solute concentrations alter the so-
idification behaviour and final microstructure. To boost na-
ive MgO particles for refining Mg-Ca cast alloys, it becomes
ritical to understand the interactions between MgO and Ca,
hich have not been fully understood yet [19 , 20 , 45–47] . It

s well-established that Ca segregation on the MgO {001}
urface is energetically favourable [45 , 46] . Our previous ex-
erimental study suggested that the Ca segregation behaviour
t the MgO/Mg interface takes place through the formation of
a-rich atomic layers with an lattice structure resembling the
gO matrix [20] . In contrast, Peng et al. interpreted the Ca-

egregation layers as Mg2 Ca 2DC layers [19 , 47] . The atomic
tructure of Ca-segregation layers therefore remains ambigu-
us. More efforts are required to elucidate the interaction be-
ween MgO and Ca in Mg-Ca alloys, which is a critical step
or the clarification of grain refining mechanism, and towards
ractical applications of native MgO to Mg-Ca alloy series,
s well as further extensions to other Mg alloys. 

In this work, we first present experimental evidence for
he grain refinement of Mg-Ca alloys by native MgO par-
icles. After casting into a TP-1 mould, three sets of Mg-
Ca alloys, with qualitatively different number densities of
ative MgO particles, are evaluated by grain size measure-
ents. The structural and chemical nature of Ca segregation

t the MgO/Mg interfaces is then extensively studied at the
tomic scale by state-of-the-art scanning transmission electron
icroscopy (STEM) and electron energy loss spectroscopy

EELS). Atomic segregation layers containing Ca and N are
dentified, with the lattice structure slightly expanded and less
rdered compared to the MgO matrix. Based on the experi-
ental results, we attribute the grain refinement mechanism

f Mg-Ca alloys after HSMC to the depressed nucleation po-
ency, enhanced dispersity of native MgO particles, and suf-
cient growth restriction for columnar to equiaxed transition.
his work sheds light on how to harness native MgO particles

n Mg alloys. 

. Experimental methods 

Commercial purity magnesium (CP Mg, > 99.9%, in wt.%
nless otherwise specified) and pure calcium (99.9%) were
sed as the raw materials, which were melted in the unit
omprising an electric resistance furnace, a steel liner, a steel
ube to deliver the mixture gas of 99.5 vol.% N2 and 0.5
ol.% SF6 , and a K-type thermocouple. 

As illustrated in Fig. 1 , three sets of casting experiments
ere carried out to qualitatively change the number density
f native MgO in Mg-xCa alloys ( x = 0.05, 0.1, 0.3, 0.5,
.7, 1%). For experiment set one ( Fig. 1 a), CP Mg ingot was
nitially melted at 700 °C in a steel crucible protected by the
ixture gas. A certain content of pure Ca granules was added

o make a specific Mg-xCa melt. It was held isothermally for
0 min, during when manual stirrings were applied every 5
in to facilitate homogeneity. After that the melt was cooled

own to 680 °C, finally stirred and poured in to a 350 °C pre-
eated TP-1 mould, which was transferred to a cooling unit
hat provided a cooling rate of 3.5 K ·s−1 at the cross section
8mm from the bottom. These cast ingots were denoted as
g-xCa, in which ‘x’ refers to the weight fraction of Ca. 
As based on set one, an additional HSMC treatment

as applied to the Mg-xCa melts in experiment set two 

 Fig. 1 b) after homogeneity, aiming to disperse native MgO
articles/films, thus to increase their effective number density.
ccording to the previous work [23] , the estimated particle
umber density is 1014 /cm3 without HSMC, while it is in-
reased to 1017 /cm3 after HSMC. The HSMC treatment was
elivered to the melts at 700 °C by a rotor-stator mixer, which
as positioned 40 mm beneath the melt surface and operated

t a speed of 4000 rpm for 5 minutes. The solidified TP-
 samples in set two are therefore named with a ‘-HSMC’
uffix, i.e. , Mg-xCa-HSMC. 
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Fig. 1. Flow diagrams showing the casting procedures of (a) TP-1 test (Mg-xCa); (b) TP-1 test with prior HSMC treatment (Mg-xCa-HSMC); and (c) TP-1 
test with controlled oxidation and HSMC treatment (Mg-xCa-HSO). 
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In experiment set three ( Fig. 1 c), since Ca addition in-
reases the melt’s oxidation resistance, HSMC with controlled
xidation (HSO) was applied to the CP Mg melt prior to al-
oying. Before inserting the HSMC mixer, we removed the
rotection gas and scraped the melt surface film to expose the
elt to the atmosphere. This allowed melt oxidation during
SMC treatment. The HSMC parameters remained the same

s 4000 rpm and 40 mm deep into the melt at 700 °C. During
his period, oxidation products appeared on the melt surface,
nd they were pushed into the melt, by which newly gen-
rated oxides can be dispersed by the mixer and introduced
nto the melt. Afterwards, the CP Mg melt was recovered by
rotection gas and the mixer speed was decreased down to
0 rpm for the addition of Ca. This was followed by another
-minutes HSMC treatment to ensure the dispersion of native
gO particles and homogeneity of Ca dissolution. The Mg-

Ca melt with qualitatively more oxides in good dispersity
hen was cooled down to 680 °C, manually stirred and cast
nto the TP-1 mould. The cast ingots in experiment set three
ere labelled as Mg-xCa-HSO. 
The solidification structure and grain size of Mg-xCa alloys

ere assessed on the sectioned part 38 mm from the bottom
f the solidified TP-1 ingots. The central area of the trans-
erse section was etched for precise grain size measurement,
hile the longitudinal section was for evaluating the macro-

copic grain structure. The polished specimens were etched in
n acetic-picral solution that contains 10 ml acetic acid, 4.2 g
icric acid, 10 ml H2 O and 140 ml ethanol. An Epson image
canner and a Zeiss optical microscope (OM) were used for
ptical macrography and micrography, respectively. The quan-
ification of the columnar grain width and equiaxed grain size
f the samples was conducted according to the mean linear
ntercept method (ASTM E112-10). 

A Prefil®-Footprinter unit was applied for melt filtration
o concentrate and collect the inclusion particles from Mg-
.5Ca for electron microscopy characterisation. 1.2 kg Mg-
.5Ca melt was transferred into a pre-heated crucible fixed in
n isolated chamber, followed by argon introduction to press
he melt through a filter attached at the bottom of the crucible.
he solidified ingot above the filter contains concentrated na-

ive MgO and other possible impurity inclusions. 
The as-cast microstructure and MgO films/oxides were

haracterised by a Carl Zeiss Crossbeam 340 SEM equipped
ith an energy-dispersive X-ray spectroscopy (EDS) detec-

or. Conventional TEM characterisation of the native MgO
lms/oxides was conducted on a JEOL JEM-2100F micro-
cope at an accelerating voltage of 200 kV. Extensive char-
cterisation of MgO/Mg interfaces was carried out on an
berration-corrected Nion UltraSTEM100 instrument at the
uperSTEM laboratory. The microscope possesses an opti-
um probe optics configuration with a 31 mrad convergence

emi-angle and a 1 Å probe size at 100 kV, allowing atomic-
esolution imaging and spectroscopy. The collection angles
or high angle annular dark-field (HAADF) STEM images
re 89–195 mrad, while they are 52–89 mrad for the medium
ngle annular dark-field (MAADF) detector. A Gatan Enfina
lectron energy loss spectrometer (EELS) was used for chemi-
al analysis. When the probe scans over an area of interest, an
ELS spectrum was acquired at each pixel to form an EELS
pectrum image (EELS SI). Noise reduction of EELS SI data
as conducted by principal component analysis (PCA), as

mplemented in the HREM Research MSA plugin for Digital
icrograph [48] . 

. Results 

.1. Effect of Ca and HSMC on grain size 

The strong growth restriction effect of Ca in its use for
rain refinement of Mg alloys [11] is illustrated by the evo-
ution of the grain structure as a function of Ca concen-
ration ( Fig. 2 ), whereby the grain structure is getting fur-
her equiaxed and refined with Ca addition. It is seen that
oarse columnar grains dominate at low Ca concentrations,
hich gradually diminish when the Ca addition increases

rom 0.05% to 0.3%. In Mg-0.3Ca, the grains appear equiaxed
n the central area, while they are still columnar near the
dge. The addition of 0.5Ca achieves a complete columnar-to-
quiaxed transition (CET) across the Mg-0.5Ca ingot with dif-
erent cooling conditions, associated with a significant grain
ize reduction. Afterwards, subsequent Ca additions (0.7% to
%) reduce moderately the average grain size (AGS). The
rain size evolution observed here agrees with previous work
uggesting that grain size is inversely proportional to the so-
ute content that provides growth restriction during solidifica-
ion [11] . 

High shear melt conditioning has been shown as an effec-
ive physical method to produce a fine as-cast microstructure
f Mg and Al alloys through i ) the dispersion of either na-
ive or exogenous nucleants; ii ) a homogeneous temperature
rofile; iii ) a homogeneous composition profile; iv ) physically
romoted wetting [27 , 49 , 50] . Fig. 3 presents the grain struc-
ure of Mg-xCa alloys with HSMC treatment prior to casting.
 similar evolution of grain size is seen as the Ca content
aries, i.e. , initially, the grain structure is dramatically refined
ogether with CET, while further Ca additions subsequently
how relatively minor effects. The positive contribution from
SMC treatment is clearly seen by comparing to the results
ithout HSMC in Fig. 2 . Apparently, CET is advanced by the
MSC treatment as less Ca is required; a full CET occurs

n Mg-0.3Ca-HSMC. Furthermore, at the same Ca concentra-
ion, the set with prior HSMC treatment has a smaller grain
ize than that without HSMC. The advanced CET and smaller
rain size suggest that more particles are available and acti-
ated for grain initiation when HSMC is applied. 

.2. The native inclusions: MgO 

Inclusions collected from Mg-0.5Ca melt (Mg-
.5Ca-prefil) were examined by electron microscopy.
mong the collected native inclusions, two typical

ypes of nanoparticle are found: one has a polyhe-
ral shape ( Fig. 4 a) and the other has a cubic shape 
 Fig. 4 b). The energy dispersive X-ray spectroscopy (EDS)
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Fig. 2. The effect of Ca on grain refinement in Mg-Ca alloys without prior HSMC treatment. (a–f) Macro- and (g-l) micro-optical graphs showing the grain 
structures of (a, g) Mg-0.05Ca, (b, h) Mg-0.1Ca, (c, i) Mg-0.3Ca, (d, j) Mg-0.5Ca, (e, k) Mg-0.7Ca and (f, l) Mg-1Ca. Note that the micrographs are acquired 
on the transverse sections of the TP-1 ingot 38 mm from the bottom. 
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nalysis suggests that they are mainly composed of Mg
nd O ( Fig. 4 c). These nanoparticles possess the same
orphologies, sizes, and compositions as the MgO particles

ound in CP Mg and Mg-9Al in our previous work [24] .
iven these combined observations, the native particles in
g-0.5Ca-prefil can therefore be recognised as octahedral

111} MgO particles and cubic {100} MgO nanoparticles,
espectively. The addition of 0.5% Ca negligibly affects
heir phase stability, sizes, and morphologies compared to
he earlier study without any Ca. Systematic SEM analysis
uggests that the predominant inclusions overall in the Mg-
.5Ca-prefil sample are MgO films/particles. Interestingly,
 systematic, albeit weak Ca enrichment on the MgO is
dentified by EDS analysis (Fig. S1). A typical example in
ig. 4 d shows the weak Ca K characteristic X-ray signals
etected from both types of MgO particles, with intensities
igher than any remaining Ca base signal in spectra acquired
rom the Mg matrix. The extra Ca K peaks are too weak
o originate from Ca-rich phases. Similarly, the presence of
aO is less likely as suggested by the uniform contrast in

he backscattered-electron images of both MgO films (Fig.
2). It is more likely that the detected Ca enrichment results
rom Ca segregation at/near the MgO particles. 

The particulate oxide film consisting of {111} MgO parti-
les was further characterised by bright-field (BF) TEM imag-
ng and selected area electron diffraction (SAED) in Fig. 5 .
t is seen that discrete nanometre sized MgO particles are
mbedded in the Mg matrix, often clustering into agglomer-
tes ( Fig. 5 a). Fig. 5 b shows the corresponding SAED pat-
ern, where indexing and interpretation of the characteristic
iffraction ring patterns suggest that the oxide film consists
f randomly oriented MgO particles. Consistently with the



S. Wang, Y. Wang, Q.M. Ramasse et al. / Journal of Magnesium and Alloys 12 (2024) 980–996 985 

Fig. 3. The effect of Ca on grain refinement in Mg-Ca alloys with prior HSMC treatment. (a–f) Macro- and (g–l) micro-optical graphs showing the grain 
structures of (a, g) Mg-0.05Ca-HSMC, (b, h) Mg-0.1Ca-HSMC, (c, i) Mg-0.3Ca-HSMC, (d, j) Mg-0.5Ca-HSMC, (e, k) Mg-0.7Ca-HSMC and (f, l) Mg-1Ca- 
HSMC. Note that the micrographs are acquired on the transverse sections of the TP-1 ingot 38 mm from the bottom. 
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EM analysis ( Figs. 4 , S1, 2), no other phases are identified
rom the SAED pattern, indicating that MgO is the predomi-
ant inclusion in the Mg-0.5Ca melt. 

Although other non-metallic phases like Mg3 N2 , MgF2 ,
gS are possible inclusions in the melt of Mg alloys, the

redominant inclusions are oxides [51] . Moreover, recent ex-
erimental studies conclusively verified that, although this
onflicts with their relative positions in Ellingham diagram
52] , CaO dissolves in Mg-Ca alloy melts [14 , 15 , 17] . The
resent results further confirm that the detected particles in
g-0.5Ca-prefil are MgO ( Figs. 4 and 5 ). 

.3. Generating more oxides for grain refinement by HSO 

Dispersed native MgO particles were proposed to con-
ribute to the grain refinement of Mg alloys after HSMC [22] .
his agrees with the fact that finer grains in Mg-1Ca-HSMC
re frequently found in association with MgO clusters (Fig.
3d). To further verify the effect of MgO on grain refine-
ent, the number density of MgO particles was qualitatively

ncreased by controlled melt oxidation in experiment set three
 Fig. 1 c). As summarised in Figs. 6 and 7 , the introduction
f more MgO particles in Mg-xCa-HSO not only advances
urther the occurrence of CET but also achieves the finest
rain sizes among the three sets, which is expected as more
gO has been introduced as nucleant particles into the melt

Figs. S3 and S4). With HSO treatment, the critical Ca con-
ent for CET falls to 0.1%. The AGS of Mg-1Ca drops from
63.7 ± 11.5 μm to 95.5 ± 4.7 μm when HSMC is applied,
nd it decreases further down to 61.4 ± 5.6 μm when HSO
s implemented. The introduced MgO particles are distributed
cross the Mg matrix, with many of them engulfed within
he grains rather than pushed to grain boundaries (Figs. S3g–
 and S4g–i). The results, along with the comparison of plots
howing the grain evolution of Mg-xCa, Mg-xCa-HSMC and
g-xCa-HSO as a function of Ca content in Fig. 7 , illustrate
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Fig. 4. Native MgO particles in Mg-0.5Ca-prefil. (a, b) Secondary electron (SE) SEM images of the octahedral MgO and cubic MgO particles, and (c, d) 
EDS spectra showing the extra Ca K peaks detected from MgO particles. 

Fig. 5. (a) BF TEM image of MgO agglomerates in an oxide film and (b) the corresponding selected area electron diffraction pattern with index. 
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Fig. 6. The effect of Ca on grain refinement in Mg-Ca alloys with extra oxidation and HSMC treatment (HSO). Optical (a-f) macro- and (g-l) micrographs 
showing the grain structures of (a, g) Mg-0.05Ca-HSO, (b, h) Mg-0.1Ca-HSO, (c, i) Mg-0.3Ca-HSO, (d, j) Mg-0.5Ca-HSO, (e, k) Mg-0.7Ca-HSO and (f, l) 
Mg-1Ca-HSO. Note that the micrographs are acquired on the transverse sections of the TP-1 ingot 38 mm from the bottom. 
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learly how well-dispersed MgO particles with a high num-
er density contribute to a finer grain size and an advanced
ET. It is therefore very likely that the MgO particles are the
ucleating substrates for the Mg grains, especially given that
n Mg-xCa melts MgO was confirmed as the overwhelmingly
redominant inclusion type. 

.4. Elemental segregation of Ca and N at MgO/Mg 

nterface 

Since MgO remains the predominant type of particle inclu-
ions in Mg-xCa alloys and given the observation of higher
a content in their vicinity than within the Mg matrix, the
ature of the Ca segregation must be established in terms of
ts structure and chemistry in order to understand any extra
ffects (other than growth restriction) it may have on solid-
fication. Aberration-corrected STEM/EELS was used to fur-
her investigate the detected Ca enrichment on MgO parti-
les down to the atomic scale. Since all grain-size plots in
ig. 7 have passed the inflection point at 0.5Ca and show rel-
tively small changes afterwards, the addition of 0.5Ca repre-
ents a condition where both growth restriction and elemental
egregation synergistically contribute to the grain refinement.
ence, the MgO/Mg interfaces in Mg-0.5Ca alloy after pres-

urised melt filtration were chosen as representatives for seg-
egation analysis. Considering the crystal structure of MgO
nd the morphological feature of both MgO particle types,
e adopted < 011 >MgO 

or < 211 >MgO 

zone axes to analyse
he edge-on MgO/Mg interfaces for {111} MgO particles,
hile < 001 >MgO 

or < 011 >MgO 

directions for {100} MgO
articles. 

Fig. 8 presents representative HAADF STEM images of a
111} MgO ( Fig. 8 a, b) and a {100} MgO particle ( Fig. 8 c,
) observed from [01-1]MgO 

and [001]MgO 

directions, respec-
ively. It is seen that the MgO particles, regardless of the crys-
allographic terminations, are decorated by interfacial segre-
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Fig. 7. Comparison of the average grain size or average columnar width of Mg-xCa, Mg-xCa-HSMC and Mg-xCa-HSO alloys as a function of Ca content. 
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ation of a few atomic layers in thickness, as suggested by the
ariations in contrast profiles across all MgO/Mg interfaces.
ince featureless MgO/Mg interfaces with uniform contrast
ere observed in commercial purity Mg [24] , the formation
f interfacial layers in Mg-0.5Ca appears to directly corre-
ate with the addition of Ca solutes to the melt. The HAADF
ignal is proportional to the nth power ( n = 1.5–2) of the
tomic number Z, and thus often described as ‘Z contrast’.
iven that the thickness of the specimen was verified to be

ven across the interfaces using low-loss EELS measurements
53] , the change in contrast observed here suggests a chemical
ariation across the interfacial layers. 

The compositional variations were verified by EELS anal-
sis across the MgO/Mg interface. Fig. 9 a shows an HAADF
TEM image of a {111}MgO 

/Mg interface, acquired under
 < 211 >MgO 

projection. The core-loss EELS spectra ex-
racted from the corresponding colour-filled boxes reveal
rominent Ca L2,3 and N K core-loss signal in the spectrum
xtracted from the interfacial layers, which is absent on either
ide of the interface. Ca and N are also seen to be concen-
rated in the interfacial layers, as shown in the EELS ele-
ental maps ( Fig. 9 e–h). This confirms the co-segregation of
a and N at the MgO/Mg interface. The elemental distribu-

ion of Ca and N coincides with the depletions in Mg and
 and with the lower contrast observed in HAADF at the

nterfacial layers. An offset between the maxima in the Ca
nd N integrated signal is observed, as highlighted by the
olid and dashed lines on Fig. 9 g, respectively. This sug-
ests a lower N content towards the outermost layers of
he interfacial structure. As opposed to the relatively lower
AADF intensity compared to the MgO matrix ( Fig. 9 c), the
a/N co-segregation layers appear brighter in the MAADF
TEM image ( Fig. 9 d). The MAADF image formation inten-
ity is complex and can be described as containing a com-
onent of strain contrast from the low-angle-scattered elec-
rons [54] . The abrupt changes of MAADF contrast point
ut that the local periodicity and crystal structure get dis-
upted going from the MgO matrix to the Ca/N-rich interfacial
ayers. 

.5. Atomic structure of the Ca/N co-segregation layers 

Fig. 10 a, b show HAADF STEM images of the
111}MgO 

/Mg interfaces along [011]MgO 

and [112]MgO 

direc-
ions, respectively. Upon closer inspection, interfacial segre-
ation layers comprising three to four atomic layers of lower
rightness than the MgO matrix are distinguishable ( Fig. 10 a–
). Along the [011]MgO 

projection, the atomic pattern of
he interfacial segregation layers is nearly identical to that
f the MgO matrix, with a minor increase of the interpla-
ar/interatomic spacings ( Fig. 10 c). The measured expansion
s 0.028 nm along the < 112 >MgO 

direction (‘P1’ in Fig. 10 a)
nd 0.025 nm along the normal direction of (11-1)MgO 

(‘P2’
n Fig. 10 b), accounting for a ∼10% expansion of the lattice
onstant. As atomic columns become more densely spaced
hen observed under the [112]MgO 

zone axis ( Fig. 10 b), the
tomic structure of the interfacial layers becomes harder to
esolve. This also points to some level of deviation from
he atomic structure of MgO, as the last lattice plane of
he MgO particle remain resolvable. As chemically revealed
y the EELS elemental maps in Fig. 10 d, such local struc-
ural deviations are related to the local compositional devia-
ions. These maps reveal that the first two interfacial layers,
hich display the same atomic pattern but with lower inten-

ity than the MgO ‘bulk’, coincide with the highest Ca and
 signal while being depleted in Mg and O. Similarly, Fig.
6 shows the elemental distribution across the interface pro-

ected along [112]MgO 

. The very tight atomic spacings and the
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Fig. 8. HAADF STEM images showing the segregation layers decorating both (a, b) octahedral and (c, d) cubic MgO particles at low (a, c) and high (b, 
d) magnifications. The incident beam is parallel to the [01-1]MgO zone axis in (a, b), while the zone axis is [001]MgO in (c, d). Inset in (a) magnifies the 
corner feature marked by the white square. The contrast profiles along ‘P1’ and ‘P2’ show that the segregation layers on both particles have a lower contrast 
intensity than the MgO matrix, with a few atomic layers in thickness. 
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eam-sensitivity of the interfacial layers make it challenging
o obtain an atomically resolved chemical map (we note, for
nstance, that even the Mg and O columns within the MgO in-
erior, are hardly resolved). However, the spatial distributions
f Ca and N, and Mg and O, together with the simultane-
usly observed HAADF and MAADF contrast, strongly sug-
est that Ca and N are likely to randomly occupy the Mg and
 sites, respectively, resulting in a terminating atomic plane

hat contains both Mg and Ca atoms. It is however clear that
a and N solute atoms co-segregate at the {111}MgO 

/Mg in-
erface resulting in the formation of interfacial layers rich in
a and N, poor in Mg and O, which exhibit an atomic struc-
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Fig. 9. STEM and EELS analyses at the {111}MgO /Mg interface suggesting the co-segregation of Ca and N. (a) HAADF STEM image of the interface 
viewed along < 211 >MgO direction; (b) EELS core-loss spectra extracted from corresponding areas marked with coloured rectangles in (a); (c, d) HAADF 
and MAADF images along with the contrast profiles acquired during EELS acquisition; and (e-h) EELS elemental maps of Mg, O, Ca and N, associated with 
the quantification results. The dashed lines on the chemical profiles mark the corresponding positions of the maxima of the N, while the solid line highlights 
the Ca maximum; an offset is noticed between the N and Ca maxima. 
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ure related to but deviating slightly from that of the MgO
nterior. 

Irrespective of the crystallographic terminations, the inter-
acial layers at the {100}MgO 

/Mg interfaces also inherit the
tomic structure of parent MgO with atomic deviations, and
re compositionally concentrated in Ca and N. Fig. 11 pro-
ides further atomic-resolution HAADF STEM images and
ELS spectrum image acquired across the {100}MgO 

/Mg in-
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Fig. 10. Atomic structure and composition of the interfacial layers at the {111}MgO /Mg interface characterised by atomic-resolution HAADF and EELS 
analysis. (a, b) HAADF STEM images of the {111}MgO /Mg interfaces viewed along (a) [011]MgO and (b) [112]MgO , respectively; (c) contrast profiles along 
‘P1’ in (a) and ‘P2’ in (b), respectively; (d) HAADF during image and the corresponding EELS elemental maps of Mg, O, Ca and N generated by integrating 
specific edges with a suitable window over the acquisition area. Ca and N can be seen concentrated at the interface, where the atomic structure is identical 
as MgO matrix. 
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erfaces, with the electron beams parallel to either [001]MgO 

or
011]MgO 

directions. The contrast variations in Fig. 11 a–c con-
rm that the interfacial layers comprise three to four atomic

ayers of uniform but lower-intensity contract compared to the
gO matrix, where the atomic-column arrangement follows

he MgO pattern but is less distinct (‘fuzzy’). The atomic
tructure of the interfacial layers appears consistent, regard-
ess of the termination facets. In particular, Fig. 11 b shows
he interfacial layers at the {100}MgO 

/Mg interface under the
ame zone axis of [011]MgO 

as that in Fig. 10 a acquired at
he {111}MgO 

/Mg interface, both interfacial layers resemble
he MgO interior but deviated slightly. An expansion of 0.012
m is measured for the interfacial layers along the direction
ormal to the (200)MgO 

plane (‘P1’ in Fig. 11 a), while the
alue is 0.018 nm along the < 112 >MgO 

direction (‘P1’ in
ig. 11 b), in average accounting for a ∼6% expansion of lat-
ice constant. The EELS elemental maps in Fig. 11 d, while
till noisy, confirm that Ca and N are located on the same
tomic planes as within the MgO interior, as both Ca and
 maps retain the atomic periodicity of the MgO. However,

ince in this projection each {100} atomic plane originally
ontains 50% Mg and 50% O, the distributions of Ca and N
annot be spatially separated. 

We have provided an atomic-level observation of both
111}MgO 

/Mg and{100}MgO 

/Mg interfaces modified by the
o-segregations of Ca and N in a Mg-0.5Ca alloy ( Figs. 8–
1 ). Combining the above structural and chemical analysis,
e therefore conclude that the interfacial layers are chemi-

ally deviated from the MgO matrix, while the lattice struc-
ure is defective but remains similar to the MgO matrix. This
henomenon is independent of faceted crystal planes of MgO
articles. 
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Fig. 11. Atomic structure and composition of the interfacial layers at the {100}MgO /Mg interface characterised by atomic-resolution HAADF and EELS 
analysis. (a, b) HAADF STEM images of the {100}MgO /Mg interfaces viewed along (a) [001]MgO and (b) [011]MgO respectively; (c) contrast profiles along 
the labelled P1 and P2 in (a) and (b), respectively; (d) HAADF during image and the corresponding EELS elemental maps of Mg, O, Ca and N generated by 
integrating specific edges with a suitable window over the acquisition area. Ca and N can be seen concentrated at the interface, where the atomic structure is 
identical as MgO matrix. 
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. Discussion 

The modification of MgO by Ca or N has been reported
efore 45 , 46 , 55 , 56] . Using aberration-corrected STEM, Yan
t al. [ 46 ] have observed that Ca can substitute Mg sites at
 24 ̊ [001] tilt MgO grain boundary. As simulated by Masri
t al. [55] , Ca can substitutionally dope the {100}MgO 

sur-
ace. After surface structural relaxation to a low energy state,
a doping atoms protrude upward due to the size difference,
hile the neighbouring Mg and O atomic positions also de-
iate from their original sites [55] . Density functional theory
DFT) calculation also revealed that N can substitute O atoms
n bulk MgO and introduce vacancies [56] . Consistent with
hese earlier reports, here we also observe that Ca and N re-
pectively substitute Mg and O sites and in a random manner
 Figs. 9–11 ). The observed image intensity further suggests
hat vacancies may exist as one of the factors decreasing the
AADF image intensity: although N is lighter than O, a fully

toichiometric substitution of Ca for Mg should on first ap-
roximation result in a brighter layer than pure MgO. Fur-
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hermore, the HAADF contrast can also be affected by static
tomic displacement and strain [57 , 58] , both of which disrupt
he channelling of the electron probe and so may weaken the
mage intensity. Overall, and in conjunction with the observa-
ions from the EELS chemical maps, the atomic arrangements
n the Ca/N co-segregation layers are expected to be less or-
ered and more defective as compared to the parent MgO
ubstrate. 

With a lattice misfit of 7.9% with pure Mg, MgO was long
hought of as a poorly potent substrate for nucleating Mg solid
24] . The Ca/N co-segregation layers observed here exhibit a
imilar lattice structure as the MgO matrix. If the measured
attice expansion is isotropic, the misfit with Mg will be re-
uced and thus the potency of the Ca/N co-segregation lay-
rs may be improved as compared to the parent MgO. How-
ver, the observed atomic displacement, in association with
hemical changes, is irregular, as illustrated by their fuzzy
nd lower contrast than the parent MgO matrix ( Figs. 10 and
1 ). It means that the atomic arrangements in the terminating
lane of the Ca/N co-segregation layers deviates randomly
way from the lattice sites, with components either in par-
llel with or normal to the termination plane. Both in-plane
isordering and atomic surface roughness are therefore intro-
uced, which degrade the nucleating capability of a substrate
y poisoning the prenucleation process [59–62] . As proposed
n the previous work [59–61] , prenucleation occurs at a tem-
erature above the liquidus, whose behaviour is characterised
y the ordering of liquid atoms above a template substrate in
 range of a few atomic layers. Once the terminating atomic
lane becomes atomically rough and/or less ordered to be a
oor template, the prenucleation process above will be re-
arded [59–61] . Additionally, the different chemical interac-
ions of terminating ions with liquid atoms will roughen the
renucleation layers [60] . The subsequent nucleation will be
ffected since the prenucleation structure provides a precur-
or at the nucleation temperature for heterogeneous nucleation
ollowing a layer-by-layer growth mechanism [63] . As com-
ared to MgO, the atomic-level disordering and different ion
pecies in the Ca/N co-segregation layers make the substrate a
oorer structural template, upon which the atomic ordering of
iquid Mg atoms will be impeded during prenucleation, there-
ore impacting the subsequent nucleation process. As a result,
a/N co-segregation could further deteriorate the potency of
gO, being impotent for nucleating α-Mg . 
Nevertheless, grain refinement is enhanced as more dis-

ersed MgO particles are generated in the Mg-xCa melts,
ither through HSMC or HSO, as demonstrated in Fig. 7 .
t suggests that the impotent MgO particles, as the predom-
nant inclusions, still act as the nucleation sites and are re-
ponsible for the refining mechanism. But the solidification
ehaviour may vary from that in the system inoculated with
ighly potent inoculant particles. Fan et al. [28] proposed
hat impeding nucleation can lead to more significant grain
efinement through a solidification behaviour dominated by
xplosive grain initiation (EGI). It is plausible that, under
pecific circumstances, impotent nucleating particles that re-
uire a large nucleation undercooling can be harnessed for
rain refinement. A numerical model of this solidification be-
aviour was successfully applied to the representative system
f Mg alloys containing nanosized MgO particles of a large
umber density and a narrow size distribution [28] . Since
he fixed nucleation undercooling ( �Tn ) is larger than the
ize-related grain initiation undercooling ( �Tgi ) for most of
gO particles due to the poor potency, upon solidification the
elt was cooled until the thermal undercooling ( �Tth ) trig-

ers simultaneously nucleation and grain initiation on a large
mount of MgO substrates that satisfy both nucleation and
rain initiation criteria: �Tgi ≤ �Tn = �Tth . Such grain ini-
iation events occur explosively and release huge latent heat
n a short time and may lead to an immediate recalescence.
his is different from the grain initiation events occurring
n highly potent substrates. Initially, nucleation occurs on all
vailable particles that satisfy �Tn = �Tth . Due to curva-
ure constrain, which is inversely proportional to the substrate
ize, grain initiation occurs firstly on the largest particle as
he melt temperature drops and �Tth increases, then it occurs
rogressively on smaller ones until recalescence [4 , 28] . Such
 behaviour is called progressive grain initiation (PGI). 

The proposed grain initiation and grain refinement maps
n Ref. [28] can be applied to understand the solidification
ehaviour in the samples of Mg-xCa, Mg-xCa-HSMC, and
g-xCa-HSO, in which the key differences are the number

ensity of MgO and Ca content ( i.e. , growth restriction). 
In the Mg-xCa melts, MgO particles agglomerate as oxide

lms, in which most particles around the nucleation site are
edundant due to the solute-partitioning-caused grain initia-
ion free zone, resulting in a marked decrease in the effective
umber density. The grain initiation pattern shifts into a PGI-
ominant zone when the particle number density decreases or
f the growth restriction increases. Specifically, when the melt
s cooled down and thermal undercooling reaches �Tn , the
umber of EGI events on impotent MgO particles is too low
o cause recalescence in the initial stage. Afterwards, the melt
eeps cooling to trigger more grain initiations progressively
n smaller MgO particles in a PGI manner. As the Ca content
ncreases, latent heat is impeded by sufficient growth restric-
ion to allow more PGI events, and the grain size decreases.
s a result, the Mg-xCa melts solidify in a PGI-dominant
attern. However, the small number density of MgO particles
n dispersion has limited the grain refinement performance. 

When HSMC or HSO is applied, the particle number den-
ity of MgO particles increases dramatically due to the dis-
ersion of MgO films, which pulls the grain initiation mech-
nism into the EGI-dominant region [28] : more MgO parti-
les (which satisfy �Tgi ≤ �Tn ) participate in nucleation and
rain initiation instantaneously ( i.e., EGI) when �Tth reaches
Tn . At this stage, it would appear that the higher number of

ispersed MgO particles leads to more EGI events, and there-
ore to a smaller grain size. Spontaneously, the solid growth
n these EGI sites generates a huge latent heat, which may
ause immediate recalescence depending on the alloy compo-
ition (growth restrictions) and cooling condition. On this ba-
is, growth restriction can reduce the EGI proportion by gen-
rating additional PGI events afterward if it is strong enough
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Fig. 12. Optical micrographs showing the grain structures of Mg-0.5Ca-HSO prepared by vaccum suction casting into a 3 mm Cu cylinder mould, where a 
cooling rate within 102 –103 K/s is expected. 
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o delay recalescence. That is to say, the increasing growth
estriction can shift grain initiation pattern towards the PGI
ide, while move grain size to a smaller value in the grain
efinement map [28] . This mechanism suggests that the in-
reasing Ca content can delay recalescence to some extent,
llowing additional PGI events on smaller MgO particles to
urther refine the grain structure, as seen in Figs. 3 and 6 .

hereas the effect of Ca is very limited in Mg-xCa-HSO,
hich generates the most latent heat during EGI among the

hree sets. Together with the cube-root relationship between
rain initiation events and grain size, they explain why the
lot of Mg-xCa-HSO in Fig. 7 has the smallest slope. 

As the predominant type of native MgO, {111} MgO par-
icles in both Mg-0.5Ca and Mg-0.5Ca-HSO possess a log-
ormal distribution. As shown in Fig. S7, the HSO treatment
auses particle coarsening, slightly shifting the fitted curve to
he right. The mean average size increases from 70 nm to 83
m, while the standard deviation from 0.34 to 0.39. Given a
ertain number density of MgO, this shift is expected to allow
ore particles falling in the size ranges satisfying both nu-

leation and grain initiation criteria, thus promote EGI for a
ner grain size. Therefore, the changed size distribution could
e another factor for finer grain size in the Mg-xCa-HSO
eries. 

There may exist other nucleant particles/sites of higher po-
ency than MgO in the melt. For instance, MgS has a 0.92%
attice misfit with Mg at room temperature along the atomic
irections in the close-packed atomic plane: < 112 >MgS // < 11-
0 >Mg . A system that solidifies in an EGI-dominant manner
ill be sensitive to their existence. Due to nucleation compe-

ition, nucleation and grain initiation occurs firstly on these
articles that satisfy �Tn < �Tgi = �Tth in a PGI manner.
he competing particles in the test samples of this work have
n extremely small number density, as particle types other
han MgO were rarely observed. Nonetheless, their likely ex-
stence and the absence of sufficient growth restriction will
esult in fast growth of columnar grains that quickly cause
ecalescence, stopping any impotent MgO particles from par-
icipating in an EGI manner. Therefore, the growth restriction,
.e. , the addition of Ca in this case, becomes critical to impede
rain growth, to delay recalescence, and to increase thermal
ndercooling �Tth for further nucleation and grain initiation
n the impotent MgO particles in a EGI manner. Therefore,
he more Ca is added, the larger the tolerance of the system
ecomes. 

In contrast to the growth restriction effect limited by the
olute content, the cooling rate has a much larger manipulable
ange to delay thermal recalescence, which is expected to ac-
ivate more MgO particles for grain refinement in a PGI man-
er. To test this hypothesis, we remelted the Mg-0.5Ca-HSO
nd applied a vacuum suction casting method that achieves a
ooling rate in the range of 102 –103 K/s. Native MgO shows
 great potential for grain refinement in Mg-Ca alloys. As de-
icted in Fig. 12 , the obtained grain size is 11.8 ± 0.5 μm,
hich is much smaller than the counterpart cooled at 3.5 K/s

76.9 ± 2.2 μm). This suggests that over two orders of mag-
itude more MgO particles, which use to be abundant at a
ooling rate of 3.5 K/s, are triggered to contribute to further
rain size reduction. 

As elucidated above, the most critical part of the mech-
nism is to boost native and impotent MgO particle for ex-
losive grain initiation. The native MgO films/particles, the
ddition of Ca, and the application of HSMC work collabo-
atively at achieving grain refinement in Mg-Ca alloys. The
SMC treatment enables the dispersion of native MgO parti-

les, which can be facilitated if the interfacial energy can be
educed when Ca is added for interfacial segregation. At the
ame time, by promoting mass transport, HSMC is essential to
romote interfacial segregation that further poisons the nucle-
tion potency of MgO particles. As a result, the EGI events’
umber and proportion increase as the particle number den-
ity increases, leading to a finer grain size. Although more Ca
ontent (growth restrictions) or larger cooling rate can raise
urther PGI events afterwards to lower the EGI proportion, the
bsolute number of grain initiation events increases to result
n a finer grain size. 
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. Conclusions 

1. The grain refinement of Mg-Ca alloys is enhanced by
the addition of Ca, the application of high shear melting
conditioning (HSMC) or HSMC with additional melt
oxidation (HSO). 

2. As the predominant inclusion, native MgO particles act
as the substrates for heterogeneous nucleation of α-Mg
grains. 

3. The addition of Ca modifies native MgO particles along
with N through interfacial segregation on both the
{111} and {100} crystal facets, while leaving the par-
ticle size and morphology unaffected. 

4. The Ca and N co-segregation layers structurally resem-
ble the lattice structure of MgO matrix, with Ca and
N occupying the Mg and O sites, respectively, causing
lattice expansion and local atomic displacements. This
renders the potency inferior to the parent MgO. 

5. With the growth restriction and interfacial segregation
caused by Ca additions, the modified MgO particles of
a large number density after HSMC or HSO can be
harnessed for more significant grain refinement in Mg-
Ca alloys through an explosive grain initiation (EGI)
dominant solidification process. 
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