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Abstract
The light-weighting of automobiles is a prominent strategy toward increasing fuel efficiency, electric vehicle range and 
decreasing harmful emissions. As a light structural metal, magnesium has the potential to replace high density alloys such 
as steel. Based on lattice disregistry calculations,  MgB2 was identified as a potent inoculant for magnesium. In this research, 
permanent mold castings of pure Mg refined with  MgB2 were prepared and characterized using scanning electron and opti-
cal microscopy. Experimental results suggested that the primary Mg phase heterogeneously nucleated on the  MgB2 particle 
surfaces, leading to a 36% reduction in grain size relative to the unrefined condition. The effect of  MgB2 on grain refinement 
fading was also examined by preparing cast Mg samples refined with micro- and nano-particles of  MgB2, with melt holding 
periods of 5, 10 and 20 min. The results indicated that the micro-particles were susceptible to fading and that the holding 
time should not exceed 5 min. It was also determined that the castings refined with nano-particles were more resistant to 
fading. The results from this study indicated that  MgB2 displayed considerable potential as a grain refiner for Mg castings, 
with nano-particles especially suited to more complex commercial casting processes requiring longer melt holding times.

Keywords Casting and solidification · Magnesium · Electron microscopy · Optical microscopy · Metallography · Grain 
refinement

Introduction

The development of improved structural materials with 
greater strength-to-weight ratios has been one of the pri-
mary challenges in the automotive and aerospace industries. 
Lighter materials have the potential to improve fuel effi-
ciency and to reduce harmful greenhouse gas emissions [1]. 
As a result, significant consideration is paid to light struc-
tural metals, such as magnesium (Mg), due to its low density, 
good machinability and abundance [2]. However, relatively 
low strength, poor ductility and creep resistance limit the 
effective use of Mg in industrial applications. Therefore, in 
order to promote the increased use of Mg in industry, its 
mechanical properties must be enhanced.

An effective method for improving the mechanical 
properties of Mg alloys is through grain refinement. Grain 

refinement can be achieved by the addition of inoculants 
that promote heterogeneous nucleation, which leads to the 
formation of more grains per unit volume [3]. This is desir-
able in cast Mg alloys, as it improves structural uniform-
ity, reduces segregation and associated casting defects, and 
enhances consistency in performance. Several potential 
grain refiners and grain refining techniques have been iden-
tified and developed for Mg alloys. Some examples are melt 
superheating [4], the Elfinal process [5] and carbon inocula-
tion [6]. However, these methods are currently inadequate, 
due to their many associated difficulties, including lengthy 
refining times, reductions in crucible life and increases in 
both fuel and electricity costs. Researchers have also experi-
mented with titanium-, silicon-, and calcium-based refiners. 
However, addition of these compounds is often difficult, due 
to poor wetting or the formation of intermetallics that are 
detrimental to overall mechanical properties [7–15].

In order to achieve adequate refinement, grain refiners 
must be given sufficient melt interaction time (contact time) 
for the purpose of particle suspension and wettability. If 
inoculant particles remain in the melt past the appropri-
ate contact time, their effectiveness is reduced through a 
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phenomenon known as fading. Limmaneechivitr and Eidhed 
[16], as well as Shaffer and Dahle [17], found that one of the 
sources of fading is the settling of grain refining particles 
at the bottom of the melt crucible. Moreover, grain refiner 
fading can also occur through refiner vaporization or oxida-
tion, which is caused by high melt vapor pressure and high 
affinity for oxygen, respectively [18]. The former renders the 
additive ineffective due to the separation of the refiner from 
the melt, whereas the latter entails a reaction with oxygen to 
form a completely new compound, without the grain refining 
properties of its reactant [18].

The present work aims to investigate a unique, efficient 
and commercially viable grain refiner for Mg. Magnesium 
boride  (MgB2) meets the necessary requirements to act as 
an effective nucleating agent for Mg due to the following 
reasons. Similarity between the crystal structures of the host 
metal and the inoculant. Magnesium boride has an HCP 
crystal structure with lattice constants of a =  0.307 nm and 
c = 0.352 nm [19], whereas those of Mg are a = 0.320 nm 
and c = 0.520 nm [20]. Non-dissolution of the grain refining 
particles in the liquid host metal. As well,  MgB2 possesses 
many desirable properties, such as low density (2.57 g/cm3 
[19]), high melting temperature (830 °C [19]), and good 
thermal stability. However, information pertaining to the 
effective  MgB2 particle size range, fading behavior and 
interactions with the melt has not been previously pursued. 
Therefore, the current study examines the effects of reinforc-
ing pure Mg with micro- and nano-sized particles of  MgB2 
in an effort to elucidate its effects on grain refinement and 
fading.

This study was performed on pure Mg to remove the 
effects of various alloying elements on the response of 
molten Mg to inoculation, since alloying elements may alter 
the melt liquid properties, such as surface tension or vis-
cosity. With the baseline data established in this study, the 
potential for the application of  MgB2 to Mg alloy systems 
will be investigated. This will aid in producing grain-refined 
lightweight alloys with improved resistance to fading.

Materials and Methods

Ball Milling and Particle Size Analysis

Planetary ball-milling was performed using a Retsch Plan-
etary Ball Mill (model PM 100) to decrease the as-received 
 MgB2 particle size. Tungsten carbide (WC) milling media 
(3 mm in diameter) and a 50 mL WC-based grinding jar 
were used during the milling process. Approximately 60% of 
the jar volume was filled with grinding media to increase the 
friction surface required for producing fine particles. Next, 
30% of the grinding jar volume was filled with sample mate-
rial, and the remaining 10% was left empty. Since the target 

particle size was in the nano-range, a colloidal grinding 
procedure using isopropyl alcohol with 99.99% purity as a 
dispersing agent was utilized. The  MgB2 powder was ball-
milled for a total of 480 min at 300 rpm in 30 min intervals. 
Each milling interval consisted of three 10 min phases: (1) 
clockwise grinding, (2) cooling and (3) counter-clockwise 
grinding. Once the milling was complete, the powder was 
allowed 60 min to sufficiently cool before removal.

To analyze the change in particle size, four samples of the 
ball-milled powder were taken at 60, 240, 360 and 480 min 
of grinding time. Particles from the as-received powder were 
classified as micro-particles. Particles from powders ground 
for 480 min were classified as nano-particles. Particle size 
determination was performed by first stopping the ball-mill 
at the specified time and diluting a minor sample of  MgB2 
powder in ethanol. The particles within the diluted sam-
ple were then evenly distributed throughout the solution 
using a Branson ultrasonic bath (model B-32) for 30 s. The 
solution was then dropped on a brass rod for observation 
using a JEOL scanning electron microscope (SEM) (model 
6380LV) equipped with an energy-dispersive X-ray spec-
trometer (EDS) at a beam voltage of 20 keV. Using the SEM 
images, the area of each particle was measured with Buehler 
Omnimet image analysis software, and the effective diameter 
of each particle was calculated. With this analysis technique, 
the particle size distribution for each milling interval was 
determined.

Melting and Casting

Cast samples were prepared by preheating approximately 
1 kg of commercial purity (99.9%) Mg ingots at 250 °C in 
an electric resistance furnace. Following this, the ingots 
were molten in the same electric resistance furnace at a 
temperature of 775 °C within a low-carbon steel crucible. A 
cover gas consisting of 4.7 L/min of  CO2 with 0.5 vol.%  SF6 
as used to prevent oxidation. For each casting, the desired 
amount of  MgB2 powder was added to the melt and stirred 
at 300 rpm for 3 min using a low-carbon steel impeller. 
After 5 min of holding the melt in the furnace, a portion 
was poured into a graphite mold, preheated to 750 °C, at a 
pouring temperature of 720 °C. The resultant castings were 
cylindrical samples with a hemispherical bottom, 40 mm 
in diameter and 50 mm in height. Two subsequent castings 
were produced in similar graphite molds using the same 
batch of material after 10 and 20 min holding times. Table 1 
presents a summary of casting parameters used in this study. 
The average chemical composition of the Mg ingots, meas-
ured using an Oxford Instruments Foundry-Master Pro opti-
cal emission spectrometer, is presented in Table 2. For each 
casting condition, two trials were prepared to ensure repeat-
ability of the results.



369Metallography, Microstructure, and Analysis (2021) 10:367–376 

1 3

Grain Size Analysis

Samples for grain size analysis were sectioned 20 mm from the 
bottom surface of the castings, along the diameter, and were 
ground using silicon-carbide papers with water as a coolant. 
Polishing was performed using 5, 3 and 1 μm alumina-ethanol 
suspensions. The samples were final polished with a 0.05 μm 
colloidal alumina and silica blend which also acted as an etch-
ant. An ethanol rinse was used to stop the etching process and 
compressed air was used to dry the samples.

Grain size measurements were performed immediately after 
polishing, using macrographs captured over the entire sample 
surface. The images were taken using a Nikon D5300 digital 
camera equipped with an AF-S Micro NIKKOR lens with a 
60 mm focal length and a maximum aperture of approximately 
21.43 mm (f/2.8). The circular intercept procedure detailed in 
ASTM E112-13 [21] was used to measure grain size, since the 
grain morphology of the samples consisted of both columnar 
and equiaxed grains.

Results and Discussion

Lattice Disregistry Modeling

The grain size of an alloy is highly influenced by insoluble 
impurities in the liquid metal. Often, grain refinement will be 
facilitated by adding carefully selected impurities or particles 
for heterogenous nucleation. Considering the typical criteria 
used to select a nucleating particle, as explained previously, 
lattice similarity plays a key role. This is due to the interfa-
cial strain energy between the grain refining particle substrate 
and the host liquid metal. In effect, due to the difference in 
lattice configuration between the solidifying liquid metal and 
grain refining substrates, an energy barrier for heterogeneous 

nucleation is induced by the rearrangement of solidifying liq-
uid atoms [22]. Further, the level of lattice matching between 
the particle and the matrix has been shown to have direct cor-
relation with the level of interfacial energy or the energy bar-
rier [23]. Closely matching lattices require less energy for the 
formation and growth of a crystal as compared to those with 
poor coherence. Thus, lattice coherence between the substrate 
and the matrix is an important factor for effective grain refine-
ment through heterogenous nucleation.

In this study, the Bramfitt model [24] was used to predict 
the effectiveness of the inoculant as a potential grain refiner 
for Mg. The model, also known as the plane-to-plane matching 
model, uses crystallography as a basis to determine the nucle-
ating potential for a particle and matrix system. This was done 
by comparing the interatomic spacing and the close-packed 
directions of pairs of low index close-packed planes between 
the nucleating particles and the host metal. The Bramfitt model 
can be expressed by Eq 1.

where n and s denote the nucleus/matrix and the inoculant/
substrate, respectively, (hkl) is a low-index close-packed 
plane, [uvw] is a low-index direction on the (hkl) plane, and 
� is the angle between a pair of adjacent low-index directions 
on the (hkl) plane.

In order to determine an effective inoculant for Mg, com-
pounds were evaluated with regard to their crystallographic 
matching with the host matrix. Following this assessment, 
 MgB2 was identified as a potential refiner for Mg grains, as 
described herein. The low-index close-packed planes for Mg 
and  MgB2 were determined to be the (0001) planes, which are 
shown in Fig. 1. To illustrate the resemblance of their crystal 
structures, the figure displays a geometrically scaled version 
of the (0001) planes of Mg and  MgB2 superimposed on each 
other. The figure elucidates the high level of similarity between 
the two crystal structures, and thus, it is likely that  MgB2 can 
act as an efficient grain refiner for Mg.

The planar disregistry value calculated for the Mg-MgB2 
system is presented in Table 3. The minimum disregistry for 
the system was calculated to be 4.36%. According to Bramfitt, 
this value falls within the highly effective range (< 6%), which 
suggests that the Mg phase will nucleate on  MgB2 particles 
based on their orientation relationship [24]. Several other ori-
entations were also examined, such as (0001)||(101̄ 0) and (101̄
0)||(101̄0), but they did not fall within the required disregistry 
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Table 1  Summary of casting parameters for grain size and fading 
experiments

Pouring 
temperature, 
°C

Mold tem-
perature, °C

Holding 
time, min

MgB2 
particle size 
range

MgB2 
addition 
level, wt.%

720 750 5, 10, 20 Micro 0.0125
0.02
0.025
0.03
0.05
0.1

Nano 0.025

Table 2  Average chemical 
composition of the pure Mg 
ingots (wt.%)

Mg Zn Zr Mn Fe Si Ni Al Cu Others

99.9 0.0013 0.0051 0.011 0.016 0.0058 0.0051 < 0.0030 < 0.0020 < 0.025
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range. Thus, based on these calculations, an experimental 
investigation was warranted to validate the effectiveness of 
 MgB2 as a grain refiner for Mg and its alloys.

Preparation of Inoculants

The particle size distribution of the as-received  MgB2 
powder, measured using SEM images, can be seen in 
Fig.  3. The distribution indicated that the as-received 

particles, hereafter referred to as micro-particles, were 
approximately 0.8 μm in size.

Figure 2 compares the micro-MgB2 particles (Fig. 2a) 
with the particles subjected to 480 min of ball-milling 
(Fig. 2b). The figures indicate that the ball-milling proce-
dure significantly reduced the average particle size. The 
reduction in particle size occurred as a result of ruptured 
interatomic bonds, leading to the cleavage fracture of crys-
talline grains and the formation of new surfaces [25].

The measured particle size distributions for the ball-
milled samples can be seen in Fig. 3. The results show that 
after 60 min of milling, the average particle size decreased 
from 0.8 to 0.5 µm. With increasing milling time to 240 
and 360 min, the particle size further decreased to 0.3 and 
0.2 µm, respectively. At 480 min of milling, the  MgB2 par-
ticles had been successfully reduced to an average diam-
eter of 100 nm. Particles milled for 480 min will hereafter 
referred to as nano-particles.

Figure 4 shows the  MgB2 particle size distribution as 
a function of ball-milling time. As described previously, 
with increasing milling time, the particle size decreased. 
However, it can be observed that after the 60 min, the 
rate of particle size reduction with further milling time 
is reduced. This observation can be explained by a study 
performed by Gusev and Kurlov [26], which reported a 
gradual decrease in the particle size up to a saturation 
value. The researchers suggested that saturation occurs 
due to the buildup of microstrains after the initial stages 

Fig. 1  Superposition of basal planes for Mg (blue-solid) and  MgB2 
(red-dashed)

Table 3  Calculated values of 
planar disregistry between Mg 
and  MgB2 for (0001) planes

[uvw]s [uvw]Mg d[uvw]s, nm d[uvw]Mg, nm θ, ° d[uvw]s*cos(θ), 
nm

�
(hkl)s

(hkl)Mg

(0001)MgB2 || (0001)Mg 2

−

1

−

1 0 2

−

1

−

1 0 0.307 0.321 0 0.307 4.36%

11

−

2 0 11

−

2 0 0.307 0.321 0 0.307
−

1 2

−

1 0

−

1 2

−

1 0 0.307 0.321 0 0.307

Fig. 2  SEM images of the  MgB2 particles (a) as-received and (b) after 480 min of ball milling
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of the milling process, which can impede further particle 
size reductions.

Microstructural Analysis and Effect of  MgB2 
Micro‑Particle Addition Level

This section summarizes the effect of the as-received (micro-
sized)  MgB2 particle addition on the grain size of Mg. An 
optical macrograph of the pure Mg sample is shown in 
Fig. 5a. The average grain size for the unrefined condition 
was 2470 µm (Fig. 9). The microstructure consisted of an 

ingot type structure, featuring columnar grains along the 
periphery and equiaxed grains in the center of the casting.

The average grain sizes of the samples refined with 
varying levels of  MgB2 are presented in Fig.  9. When 
0.0125  wt.%  MgB2 was added, the average grain size 
reduced from 2470 to 1940 µm. Further increases in  MgB2 
addition to 0.02 wt.% led to an additional reduction in grain 
size to 1730 µm. The most effective grain refinement of Mg 
was achieved with the 0.025 wt.% addition level, which 
produced an average grain size of 1580 µm (Fig. 5b). The 
grain structure of this casting was 36% finer than that of the 

Fig. 3  MgB2 particle size 
distributions after ball milling 
for (a) as-received, (b) 60 min, 
(c) 240 min, (d) 360 min and (e) 
480 min
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base casting. However, with greater additions of  MgB2 in the 
range of 0.03-0.1 wt.%, no further refinement was seen. By 
performing an analysis of variance, the changes in grain size 
between the unrefined samples and the samples with 0.02 
wt.%  MgB2 were determined to be statistically significant, 
whereas changes from 0.02 to 0.1 wt.% were determined to 
be insignificant.

Considering the low lattice disregistry (4.36%), it was 
thought that the refinement resulted from  MgB2 particles 
acting as heterogeneous nucleation sites during solidifica-
tion. Furthermore, it was observed that the grain boundary 
shape changed from smooth and laminar in the base metal to 
serrated for the well-modified samples (Fig. 5). This may be 
a result of the rejection of  MgB2 particles toward the grain 
boundaries during solidification.

As mentioned above, insignificant change in grain size 
was observed at addition levels greater than 0.02 wt.% 
 MgB2, which suggests that the nucleants became saturated 

in number. This typically occurs since the increased num-
ber of nucleants results in a higher frequency of particle-
to-particle collisions. As a result, the particles coalesce, 
agglomerate and settle at a faster rate, which decreases the 
total number of available nucleating substrates [27]. Con-
sequently, the refinement achieved for  MgB2 levels at and 
above 0.025 wt.% remained comparable to the 0.02 wt.% 
condition. Since they are still significantly refined relative 
to the base Mg casting, 0.025 wt.% additions are recom-
mended for reaching the finest possible grain size, as the 
extra addition would ensure that the amount of  MgB2 added 
falls in a range near 0.02 wt.% (and not significantly less). 
These finding are of high importance in a commercial set-
ting, since: (1) a relatively minor quantity of grain refiner 
can lead to significant refinement, and (2) a wide addition 
range between 0.0125 and 0.1 wt.% could be implemented 
while still achieving suitable results. This is significant, 
since typical industrial-scale measurements are not as pre-
cise as measurements taken in a laboratory setting.

Microstructure examination using SEM was performed 
on the base Mg and grain-refined castings. Samples were 
examined in the same area that was used for the grain size 
measurements to identify the particles responsible for grain 
refinement and to observe whether any reactions occurred 
within the melt. The samples with higher amounts of  MgB2 
were used, since boron is a light element and its detection in 
small quantities using SEM is difficult. Evidence of  MgB2 
in the alloy was found in the Mg + 0.1 wt.%  MgB2 castings 
in two main locations: within the grains and along the grain 
boundaries. Figure 6a shows an  MgB2 agglomerate within an 
α-Mg grain. Using EDS, it was found to consist primarily of 
Mg, O, and B (Fig. 6b). This indicated that the particle was 
likely  MgB2, as expected. This observation confirmed the 
presence of  MgB2 in the liquid metal, and it followed that the 
particles may have aided in the refinement of α-Mg grains by 
increasing the number of nucleation sites. These results are 

Fig. 4  Variation of average particle size as a function of ball-milling 
time with error bars equaling ± σ 

Fig. 5  Macrographs of etched 
(a) pure Mg and (b) Mg refined 
with 0.025 wt.% micro-MgB2
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similar to a study performed by Suresh et al. [28], in which 
boron-based particles were observed within the centers of 
grains and acted as nucleating sites.

Figure 7 displays a similar  MgB2 agglomeration of par-
ticles found along a grain boundary. This indicated that the 
finer grain size in the  MgB2 refined samples may also be 
attributed to particle/solidification front interactions, which 
is the subject of several investigations [29, 30]. When a mov-
ing solid--liquid interface (solidification front) approaches a 
suspended foreign particle, the particle can be either pushed 
away from it or captured. It follows that the interactions can 
result in a reduced growth rate for the primary Mg phase, 
since the presence of  MgB2 particles on the edges of the 
Mg grains likely create diffusion barriers to growth [31–33]. 
Moreover, this may be the reason for the serrated type of 
grain boundaries observed in the microstructure.

Despite the low lattice disregistry between  MgB2 and 
Mg for the (1000)MgB2//(1000)Mg orientation relationship, 
all other orientation relationships were determined to be 

unsuitable for effective heterogeneous nucleation (“Lattice 
Disregistry Modeling” section). This suggested that effec-
tive heterogeneous nucleation only occurs when the (0001) 
basal planes of  MgB2 particles are exposed to the melt, and 
Mg nuclei form with a basal plane in contact with the parti-
cle surface. The remaining particles without this favorable 
orientation relationship would likely be pushed away by the 
solidification front. This is in agreement with the observa-
tion that only some of the  MgB2 particles are able to nucle-
ate the primary Mg phase in the refined castings, while oth-
ers are pushed toward the grain boundaries.

Grain Refiner Fading Analysis

The microstructural changes with increases in grain refiner 
holding time are shown in Fig. 8. For the micro-particle 
refined castings, the increased holding time resulted in 
an appreciable growth in average grain size. Figure 9 dis-
plays the average grain sizes at 5, 10 and 20 min of holding 

Fig. 6  MgB2 agglomerate (a) SEM image and (b) EDS point spectrum analysis

Fig. 7  Second  MgB2 agglomerate (a) SEM image and (b) EDS point spectrum analysis
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following addition. At the initial holding time of 5 min, there 
was a significant improvement in grain size. However, with 
longer holding times, the refining effects were reduced, lead-
ing to effectively no difference at 20 min with any addition 
level below approximately 0.02 wt.% and above 0.05 wt.%. 
As mentioned in the previous section, the most effective 
grain refinement of Mg was achieved at the 0.025 wt.% addi-
tion level with 5 min of holding. This led to an average grain 
size of 1580 µm. At 10 min of holding with 0.025 wt.% 
addition, the grain size increased to 1940 μm. At the 20 min 
holding time interval, the grain size increased to 2080 μm. 
Consequently, at 20 min of holding, the effectiveness of 
 MgB2 as a grain refiner was reduced by nearly 32%.

Grain refinement fading is a common phenomenon in cast 
alloys [34]. In this study, fading effects were consistently 
observed. These effects were attributed to particle settling, 
which is a result of the difference in density of Mg (1.74 g/
cm3 [20]) and  MgB2 (2.57 g/cm3 [19]) [35]. As the holding 
time increased, the denser  MgB2 particles may have settled 
to the bottom of the crucible, thereby reducing the number 
of potent nucleants within each casting [34]. Moreover, for 
each casting, liquid metal was ladled from the top of the 
crucible, which could have further contributed to the fading 
effects.

In efforts to improve upon the trends found with the 
micro-particles, castings were performed using nano-par-
ticles at 0.025 wt.%. This addition level was chosen since it 
provided the largest degree of refinement. Figure 8 shows 
macrographs of grain sizes comparing both micro-particle 
and nano-particle inoculated castings over a range of holding 

Fig. 8  Optical macrographs showing grain structures of Mg refined with  MgB2 micro- and nano-particles, with 5, 10, and 20 min of holding 
time

Fig. 9  Effect of  MgB2 micro-particle addition level and holding time 
on the grain size of Mg (error bars represent twice the standard devia-
tion on the sample mean, ± σ)
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times. Visually, it was noticed that the nano-particles refined 
more effectively at longer holding times. Quantitatively, it 
was found that the castings refined with nano-size  MgB2 par-
ticles displayed a significant resistance to fading within the 
20 min time interval. Figure 10 compares the effectiveness 
of  MgB2 micro-particles and nano-particles on the grain size 
of Mg at 5, 10 and 20 min of holding time. The grain size 
of castings refined with 0.025 wt.% nano-particle  MgB2 at 
5 min holding time was 1630 μm (34% reduction compared 
to the base casting), which were comparable to the 0.025 
wt.% micro-particle refined castings (1580 μm). At 10 min 
of holding, the grain size only increased to 1670 μm, and 
at 20 min of holding, the grain size increased to 1690 μm. 
Thus, considering the error bars, it can be concluded that the 
grain sizes of the castings refined with nano-MgB2 remained 
effectively unchanged within the 20 min holding period.

Figure 10 clearly displays that the castings refined with 
nano-particles were more resistant to fading than those 
refined with micro-particles. This occurrence can be 
explained by Stokes’ law [17], which states that the settling 
behavior of particles is subject to the particle size, char-
acteristics, and density. The size of the grain refiner parti-
cles can impact the settling rate, and Stokes’ law predicts 
that larger grain refiner particles settle at a faster rate than 
smaller particles. Following this, the grain size of the nano-
particle refined castings likely remained stable throughout 
the 20 min holding time.

The wide range of effectiveness for nano-particle  MgB2 
is of high importance, especially in an industrial setting 
where holding times are typically not as exact as in labora-
tory settings, and the furnace-to-mold distance can be much 
larger. In addition, the varying resistance to fading allows the 
refiner to be tailored to the casting process as well as to other 
grain refiners and their alloying additions. One such example 

is manganese, which is a common alloying element for Mg 
that requires long holding times because of its limited solu-
bility. Therefore, it is recommended that the micro-particle 
inoculant can be used successfully only in the continuous 
casting or in-mold grain refinement where there is less time 
lost in casting procedures.

In summary, both micro- and nano-sized  MgB2 particle 
additions to Mg effectively reduced the average grain size. 
Moreover, the castings refined with nano-particles were 
determined to be highly resistant to fading effects. These 
results indicated that  MgB2 has much potential as a grain 
refiner, and its application to commercial Mg alloys warrants 
investigation. Doing so may promote their increased use in 
the automotive and aerospace industries.

Conclusion

In this study,  MgB2 was proposed as a potent nucleant for 
the refinement of Mg. Particles were ball-milled for 60, 240, 
360 and 480 min to reduce the average particle to 100 nm. 
Experimentally, the effectiveness of grain refinement and 
fading behavior of micro- and nano-sized particles of  MgB2 
was investigated. Pure Mg samples were refined with  MgB2 
micro-particle additions ranging from 0.0125 to 0.1 wt.%, as 
well as 0.025 wt.% nano-particle additions. The grain sizes 
of the castings were evaluated with 5, 10 and 20 min holding 
times following refiner addition. Based on lattice disregistry 
calculations and grain size analysis, it was found that  MgB2 
was able to successfully refine Mg grains. The disregistry 
of 4.36% between Mg and  MgB2 led to a maximum refine-
ment of 36% at 0.025 wt.% refiner addition, with suitable 
refinement achieved using 0.02–0.1 wt.% additions as well. 
It was suggested that refinement with  MgB2 occurred via 
both enhanced nucleation and grain growth restriction, indi-
cated by the observation of  MgB2 particles at both grain 
centers and grain boundaries.

The sensitivity of the micro-particles to inoculation fad-
ing was relatively high. To obtain the most effective refine-
ment with these particles, the holding time between addition 
and casting should not exceed 5 min. In contrast, the nano-
particles were much more resistant to fading, due to their 
fine particle size, enabling much wider application to vari-
ous casting systems. Further study of  MgB2 is warranted to 
determine its suitability as a grain refiner for cast industrial 
Mg alloys.
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Fig. 10  Effect of  MgB2 particle size and holding time on the grain 
size of Mg at 0.025  wt.% addition (error bars represent twice the 
standard deviation on the sample mean, ± σ)
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