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Abstract 
A high shearing dispersion technique (HSDT) was utilized for the first time to incorporate 

AlN/Al nanoparticles in Mg-2.85Nd-0.92Gd-0.41Zr-0.29Zn (Elektron21) alloy. Compressive 

creep tests of unreinforced and reinforced Elektron21 alloys were performed at 240 °C with an 

applied stress of between 70-140 MPa. The results show that HSDT is an effective way to 

incorporate the nanoparticles and therefore to improve the creep resistance of El21 alloy by 

about one order of magnitude with 0.5% AlN/Al nanoparticles (NPs) compared with 

unreinforced alloy. The calculation of true creep stress exponent indicates that the viscous glide 

of dislocation and dislocation climbing are the rate controlling mechanisms during creep 

deformation. The microstructural observations show that the grains changed from equiaxed to 

dendritic grains with the addition of NPs by HSDT. Grain refiner Zr in Elektron21 alloy was 

partly consumed by Al atoms from the nano-powder mixture to form stable compound leading 

to grain coarsening. After high shearing, AlN NPs are effectively dispersed without any 

discernable clusters. The eutectic phases of El21+0.5AlN/Al composite become less 

continuous, much thinner, and are more homogeneously distributed in the alloy, which helps 

to pin the grain boundary sliding and hinder the dislocation movement inside the grain. The 

existence of AlN NPs is helpful for modifying the morphologies of α-Mg dendrites during 

solidification and thus resulting in obtaining thinner and hyper-branched eutectic phases in the 

nanocomposite. As a result, the creep resistance of reinforced alloy is additionally improved. 
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1. Introduction  
Magnesium (Mg) alloys have attracted much attention for weight-critical applications in the 

automotive and aerospace industries, due to their low density and excellent specific mechanical 

properties [1]. However, their poor creep resistance at elevated temperature (> 150 °C) has 

restricted their widespread application [2]. Alloying elements, like rare earths (REs), is a 

common method for improving the creep resistance, due to the formation of thermally stable 

intermetallics in the matrix [3]. Nevertheless, the high cost of REs limits their widespread 

usages [4]. An alternative way of improving the creep resistance is by adding ceramic particles, 

which are lower in price and have higher melting points than Mg-based alloys, such as SiC, 

Al2O3, Y2O3 and AlN [5-8]. With the addition of only a small amount of nano-sized ceramic 

particles not only significantly improves their mechanical properties, but also benefits their 

thermal stability and gives them better creep resistance [5, 7, 9, 10]. 

One challenge in the fabrication of Mg-based metal matrix nano composites (MMNCs) is 

to disperse the nanoparticles (NPs) in an Mg matrix effectively, especially because of their 

poor wettability. Powder metallurgy is able to disperse NPs in composites quite well, but its 

application in preparing MMNCs is limited due to cost and safety considerations [11]. 

Considering melt process, ultrasound-assisted stirring (US) is currently an effective method for 

distributing particles in the matrix. Katsarou et al. [7] have already researched on Elektron21 

reinforced with AlN NPs by ultrasonic treatment to distribute the NPs. Its creep resistance was 

improved with NPs compared to the unreinforced alloy, but this process is time-consuming and 

more suited to small-scale production. Meanwhile, there still exists a great potential for further 

improving the creep resistance. Conventional mechanical stirring can be applied in mass 

production, but the turbulence that is generated in the melt is inadequate for breaking up 

agglomerations of particles. Recently, a high shearing dispersion technique (HSDT) was 

developed by BCAST at Brunel University [12], and this was used to disperse 5 vol% SiC 

microparticles on a commercial AZ31 alloy [13]. 

In this study, HSDT is introduced for the first time to deagglomerate AlN/Al NPs in a Mg-

2.85Nd-0.92Gd-0.41Zr-0.29Zn alloy (Elektron21, or El21), all compositions are in wt.% 

hereafter unless specified. The microstructure and creep behavior of AlN/Al nanoparticle-

reinforced Elektron21 alloys were investigated. The mechanisms responsible were also 

explored and discussed.  



2. Experimental procedures 
El21 alloy, supplied by Magnesium Elektron Ltd of Manchester, UK, was used as the 

matrix material. AlN NPs with an average size of 80 nm were selected as the reinforcements 

[14]. These NPs were synthesized by electrical explosion of aluminum (Al) wires in an argon 

and nitrogen atmosphere. During this formation process, Al can not completely react with 

nitrogen to form AlN NPs due to the limitation of nitrogen pressure, parts of Al clusters were 

still retained [15]. Hence, the nanoparticles were composed of 75% AlN and 25% metallic Al 

(referred to here as AlN/Al NPs) [7]. A picture and diagram of the HSDT device are shown in 

Fig. 1. It comprises an open cylinder stator and a Փ 67.5 mm motor driven rotor with an 

impeller of four blades (Fig. 1(b)). Its rotational speed can be adjusted between 0 and 3000 

rpm. When the rotor-stator is inserted into the melt, a volume of melt is sucked into the stator. 

A macro-flow occurs around the stator to promote melt movement through the stator opening, 

resulting in a very high energy dispersion rate to deagglomerate the particle clusters (Fig. 1(c)). 

 

Fig. 1. Pictures and diagram of HSDT (a) high shearing device used in the present work, (b) 

magnified image of the selected part in (a), (c) schematic diagram showing dispersion process 

of high shearing dispersion technique [16-18]. 



12 kg of El21 alloy was melted in a steel crucible placed in an electrical resistance furnace 

at 720 °C under a protective gas of Ar+1% SF6. After adding 0.5% AlN/Al NPs, the melt was 

then intensively sheared by a rotor-stator mixer at speeds of 500 and 3000 rpm for 1 min, 

respectively. A part of the molten composite weighing about 3 kg was poured into a cylindrical 

mould (preheated to 450 °C). This mould was placed into a three-zone resistance furnace at a 

constant temperature of 670 °C for 5 min. It was then lowered into a water bath at a speed of 

100 mm/min to obtain a very dense casting. For purpose of comparison, non-sheared El21, NP-

free El21 sheared at 500 and 3000 rpm and El21+1% AlN/Al sheared at 3000 rpm 

(El21+1%NPs-3000) were also prepared.  

Compression creep tests of the specimens with a diameter of 6 mm and a height of 15 mm 

were performed at 240 °C under an applied stress of between 70 and 140 MPa. These tests 

were conducted at Applied Test Systems (ATS) lever arm creep test systems in air. The 

temperature of the sample during creep was detected by two thermocouples inside the chamber 

with an accuracy of ±1 °C. An extensometer connected with the measuring unit was applied to 

record the strain deformation of the sample. The creep experiments were stopped once a steady-

state creep was achieved. Samples for optical microscopy were ground with silicon carbide 

abrasive paper (500, 800, 1200, 2500 grit) and polished with 1 µm colloidal silica (OPS) and 

1 µm diamond suspension. Then they were etched with a solution of 8 g picric acid, 5 ml acetic 

acid, 10 ml distilled water and 100 ml ethanol. Microstructures were observed by optical 

microscope (OM) (Leica DMI5000) equipped with digital camera with analysis pro software. 

The average grain size was measured using linear intercept method [19]. The microstructures 

and phase identifications were further characterized on a Tescan Vega3 scanning electron 

microscope (SEM) equipped with Tescan energy dispersive X-ray (EDX) spectrometer. For 

the phase analysis, samples were performed by X-ray diffraction (XRD) using a diffractometer 

with Mo radiation (wave length λ=0.07093 nm). The specimens for TEM were ground 

mechanically to about 120 μm, and then thinned by electro-polishing in a twin-jet system using 

a solution of 1.5 % HClO4 and 98.5 % ethanol at about −45 °C and a voltage of 50 V. TEM 

examinations were carried out on a Philips CM 200 instrument operating at 200 kV. 

3. Results 

3.1 Creep properties 
 

 



 

Fig. 2. (a) Creep rates as a function of time at 240 °C under 140 MPa for non-sheared El21, 

El21-500, El21+0.5% NPs-500, El21-3000 and El21+0.5% NPs-3000, respectively, (b) the 

minimum creep rates of these five materials performing at 240 °C under different applied 

stresses, (c) comparison of minimum creep rates for the non-sheared El21, El21-3000, 

El21+0.5% NPs-3000 El21+1%NPs-3000 alloys and El21+1%NPs-US (El21 alloy reinforced 

with 1% AlN/Al NPs by US treatment) referred in Ref. [7], (d) minimum creep rates depending 

on effective stress for these materials crept at 240 °C. n is the apparent stress exponent and nt 

the true stress exponent. 

 

Fig. 2(a) shows the creep rates of the unreinforced and reinforced El21 alloys over time, 

which are the first derivative of creep strain over time at 140 MPa and 240 °C. After an initial 

creep stage, a steady-stage creep region occurs. The minimum creep rates of non-sheared El21, 

El21 alloy sheared at 500 rpm (El21-500) and El21 alloy sheared at 3000 rpm (El21-3000) are 

closely similar. They exhibit higher minimum creep rates than the NPs-reinforced El21 alloy, 

which means that it is hard to improve the creep resistance of El21 alloy only by applying 

HSDT. With the addition of AlN/Al NPs, the minimum creep rates of El21+0.5%NPs sheared 

at 500 rpm (El21+0.5% NPs-500) and El21+0.5%NPs sheared at 3000 rpm (El21+0.5% NPs-

3000) are much lower than that of the unreinforced alloys. El21+0.5% NPs-3000 alloy has a 



minimum creep rate of 2.53×10-7 s-1 under 140 MPa, which is about one order of magnitude 

lower than the as-cast El21 alloy with a minimum rate of 3.68×10-6 s-1. Meanwhile, the shearing 

speed also influences the minimum creep rate of the reinforced El21 alloys. El21+0.5% NPs-

3000 alloy exhibits a better creep resistance than El21+0.5% NPs-500 alloy with the applied 

stresses between 70 and 140 MPa (Fig. 2(b)). Moreover, the nanocomposite fabricated using 

the HSDT shows a better creep resistance than that with US treatment (El21+1%NPs-US [7] 

in Fig. 2(c)). Under the same creep conditions of 140 MPa and 240 °C, the minimum creep 

rate is 2.53×10-7 s-1 for El21+0.5% NPs-3000 prepared by HSDT, and 4.40×10-7 s-1 for that 

prepared by US treatment with the addition of 1% AlN/Al NPs. This suggests that El21 alloy 

incorporated with a smaller amount of AlN/Al NPs by HSDT can achieve a better creep 

resistance than those with more NPs addition using US treatment at 140 MPa. Accordingly, 

El21+1%NPs-3000 fabricated by HSDT was also prepared to compare its creep resistance with 

El21+1% NPs-US (Fig. 2(c)). The minimum creep rates of El21+1% NPs-3000 are 

significantly lower than that prepared by US treatment with 1% AlN/Al NPs under all the 

applied stresses, further illustrating the superiority of HSDT for the processing of 

nanocomposites. 

To identify the controlling mechanisms during creep deformation, the stress exponent n 

value is introduced based on the following equations. The dependence of minimum creep 

rate 𝜀̇s on applied stress σ and the temperature in Kelvin is given as follows: 

𝜀̇s =A𝜎𝑛 exp (−
𝑄𝐶

𝑅𝑇
)                                            (1) 

where, A is a constant related to the frequency factor and Burgers vector, σ is the applied creep 

stress, QC is the activation energy of creep, R is an universal gas constant (8.314 J/mol∙ K) and 

n is the stress exponent which is introduced to interpret the deformation mechanism during 

creep. Eq. (2) is rewritten by taking logarithms on both sides of the Eq. (1) [5, 20, 21].  

𝑙𝑛𝜀�̇� = 𝑙𝑛𝐴 + 𝑛𝑙𝑛σ − 
𝑄𝐶

𝑅𝑇
                                                              (2) 

When the creep temperature is fixed, the stress exponent n can be determined by the slope of 

𝑙𝑛𝜀̇ against 𝑙𝑛σ. The corresponding n values are given in Fig. 2(b-c), respectively. However, 

in those alloys with a high amount of dispersoids, the n values do not reflect the true creep 

deformation mechanisms [22]. A much higher n value is often identified which is related to the 

appearance of a threshold stress. The threshold stress is the stress below no creep deformation 

takes place. It is connected to the interaction between dispersoid obstacles and dislocations. 



Considering the characteristics of the nanocomposite, the present work used Li and Langdon´s 

model to calculate the threshold stress σthr and true stress exponents nt [6, 22]. Eq. (1) is usually 

modified by Eq. (3) to replace the applied stress σ by the effective stress σeff. 

                                                               σeff = σ-σthr                                                            (3) 

and so giving Eq. (4). 

𝜀̇s =A𝜎𝑒𝑓𝑓
𝑛𝑡 exp (−

𝑄𝐶

𝑅𝑇
)                                                    (4) 

In [22], the lowest measurable minimum creep rate was defined as 10-10 s-1, which corresponds 

to a strain of only ~1% in 3 years in laboratory experiments. Therefore, the threshold stress σthr 

was determined by extrapolating the double logarithmic plots of minimum creep rate 𝜀̇s versus 

applied stress σ to a strain rate of 10-10-s. The stress exponent n, true stress exponent nt and 

threshold stress σthr of the alloys in Fig. 2 (c) and (d) are shown in Table 1. The true stress 

exponents nt are in a range of 3.4-4.3 which shows an obvious decrease compared with the n 

values (Table 1). Previous investigations [4, 7, 20, 23, 24] claimed that n=3 is related to viscous 

glide of dislocations, n=5 is related to dislocation climbing at high temperatures. Consequently, 

the nt of El21+0.5% NPs-3000 is 3.5 for creep deformation which is attributed to the viscous 

glide of dislocations and/or dislocation climb. The calculations of threshold stress indicate that 

El21+0.5% NPs-3000 alloy has a higher threshold stress (28.3 MPa) than that of non-sheared 

El21 alloy (18.9 MPa). Therefore, it is reasonable to expect that the interactions between 

dislocations and dispersoid obstacles become much stronger by the addition of AlN/Al NPs 

with HSDT. 

 

Table 1 Summary of stress exponent n, true stress exponent nt and threshold stress σthr of the 

alloys in Fig. 2 (c) and (d). 

Materials El21 El21-3000 El21+0.5% NPs-3000 El21+1% NPs-3000 El21+1% NPs-US [7] 

n 5.3 5.1 4.9 5.2 5.6 

nt 4.3 4.2 3.5 3.4 3.9 

σthr/ MPa 18.9 16.7 28.3 35.3 31.0 

 

3.2 Optical microstructures and hardness of as-cast alloys 
 



Typical microstructures of the as cast El21 and its nanocomposites are shown in Fig. 3. The 

grain size and hardness of each sample are listed in Table 2. The hardness values of El21-500 

and El21-3000 show a slight decrease compared with El21 alloy. With the addition of AlN/Al 

NPs, El21+0.5% NPs-500 and El21+0.5% NPs-3000 nanocomposites exhibit slight increase in 

hardness compared with non-sheared El21 alloy. This indicates that the reinforcement of 

AlN/Al NPs is unlikely to significantly enhance the hardness in the Mg matrix, which is 

consistent with Daudin’s results obtained by the characterization of nano-indentation 

measurements [25]. However, the grain size exhibits a significant difference among the 

unreinforced and reinforced El21 alloys. The non-sheared El21 alloy shows equiaxed grains 

with an average grain size of 80.1±5.0 µm. With the assistance of HSDT, the average gain size 

of 85.6±2.39 µm in El21-500 alloy in Fig. 3(a) is similar with that of non-sheared El21 alloy 

(Fig. 3 (b)). When the shearing speed increased to 3000 rpm, the grain size of El21-3000 shows 

a significant decrease to 59.4±1.65 µm (Fig. 3(d)). This obvious grain refinement was ascribed 

to the refining efficiency of MgO particles generated by intensive shearing. It was reported that 

MgO can act as potent nucleation sites for α-Mg during solidification [18]. With the addition 

of AlN/Al NPs, the grains of El21+0.5% NPs-500 and El21+0.5% NPs-3000 alloys became 

coarse compared with unreinforced El21 alloy (Fig. 3 (c) and (e) and Table 2). Meanwhile, the 

grain morphologies of the reinforced El21 alloys also transformed from equiaxed to typical 

dendrite grains by adding AlN/Al NPs. 

 

Table 2. Grain sizes and hardness of non-sheared El21 and reinforced El21 alloys. 

Materials Grain size/ μm Hardness/ HV5 

non-sheared El21 80.1±5.0 45.0±1.2 

El21-500 85.6±2.4 43.8±1.7 

El21+0.5% NPs-500 144.5±4.0 45.7±2.4 

El21-3000 59.4±1.6 43.7±1.8 

El21+0.5% NPs-3000 126.9±2.8 46.4±1.5 

 

 



 

Fig. 3. Optical microstructures of (a) non-sheared El21, (b) El21-500, (c) El21+0.5% NPs-500, 

(d) El21-3000, (e) El21+0.5% NPs-3000. 

 

3.3 Microstructural characterizations 
 

XRD patterns of the non-sheared El21 and El21+0.5% NPs-3000 are shown in Fig. 4. They 

have the similar trends. Two phases were identified, including α-Mg and eutectic phase 

Mg3(Nd, Gd) (Mg3RE). This eutectic phase is the modification of Mg3Nd where Nd is partially 

substituted by Gd without any change of the crystal structure. It is ascribed to the similar atomic 

radii between Nd (r=0.1821nm) and Gd (r=0.1802nm) [26]. The XRD patterns show that no 

additional phases can be detected with the addition of AlN/Al NPs. For the microstructural 

observations of NP-free El21 alloys in Fig. 5(a) (b) and (d), continuous network-like Mg3RE 

phase was observed distributing at the grain boundaries (bright phase). With addition of AlN/Al 

NPs, their morphology and distribution of the eutectic phase are significantly changed. The 

eutectic phase becomes less continuous, much thinner, and more homogeneously distributed in 



the alloy (Fig. 5 (c) and (e)). Meanwhile, it is difficult to clearly observe any micro-sized 

reinforcement clusters in the reinforced El21 alloy. This implies that most NP clusters were 

effectively broken up by HSDT and NPs were homogeneously distributed in the alloys. The 

extractions of corresponding eutectic phases are shown on the right position of Fig. 5. 

Furthermore, with the increase of shearing speed, the morphology of eutectic phases sheared 

at 3000 rpm is much more thinner and denser distributed in the matrix than that sheared at 500 

rpm (Fig. 5 #3 and #5). It is worth noting that El21+0.5% NPs-3000 exhibits the denser eutectic 

phases with smaller dendritic arm space and even its grain size is larger than that of the NP-

free alloys. 

 

Fig. 4. XRD patterns of non-sheared El21 and El21+0.5% NPs-3000 composites. 



 



Fig. 5. SEM micrographs showing the morphologies of (a) non-sheared El21, (b) El21-500, 

(c) El21+0.5% NPs-500, (d) El21-3000,(e) El21+0.5% NPs-3000. The morphologies of the 

corresponding eutectic phases were extracted using ImageJ in 1, 2, 3, 4, 5, respectively. 

 

 

Fig. 6. SEM micrographs shows the magnified microstructures of (a) non-sheared El21, (b) 

El21-500, (c) El21+0.5% NPs-500, (d) El21-3000, (e) El21+0.5% NPs-3000. 

 



In the NP-free alloys, the eutectic phases mainly formed along the dendritic boundaries with 

continuous network morphology (Fig. 6 (a), (b) and (d)). It is hardly to see any phase formed 

inside the grain interior. With the addition of NPs, besides the phase along dendritic boundaries, 

many small dotted or bulk-shaped bright particles were also observed inside the grains in Fig. 

6 (c) and (e) (red arrows). They are also eutectic phase (Mg3RE) with different shapes. The 

amount of those phases increases as the shearing speed increases to 3000 rpm. This 

demonstrates that the addition of NPs influences the formation process of eutectic phases. They 

could not only form along the grain boundaries but also in the interdendritic regions. 

 

Fig. 7. SEM micrographs shows the magnified microstructures of (a) non-sheared El21, (b) 

El21-3000, (c) El21+0.5% NPs-3000, (d) the EDS mapping of as cast El21+0.5% NPs-3000 

alloy. 

 

Fig. 7 reveals the microstructural features near the eutectic phase. Lamellar eutectic phase 

Mg3RE and lath-like precipitates near eutectic regions are observed in NP-free El21 alloys (Fig. 

7(a) and (b)). The EDS analysis shows the average composition of the lath-like precipitates at 

P1, P2 and P3 is Mg-1.12Nd-0.35Gd-0.15Zn-0.11Zr (at. %), demonstrating an enrichment of 

RE near Mg3RE phases during solidification process. With the addition of NPs, these lath-like 

precipitates are hardly observed around the euctectic phase (Fig. 7 (c)). It implies that the 

addition of AlN/Al NPs chemically modified the formation of the precipitates. The EDS 



mapping of the as cast El21+0.5% NPs-3000 alloy is shown in Fig. 7(d). It can be clearly 

observed that P4 is mainly composed of Mg, RE, Zr, Al, P5 is comprised of Mg, Al and RE 

element with no Zr, P6 is mainly Zr, and P7 is mainly composed of Mg and RE element which 

has been confirmed to be Mg3RE by XRD patterns. Since the atomic number of nitrogen is too 

low to make an accurate detection by SEM, the quantitative result of nitrogen remains quite 

unreliable and is not discussed here. This EDS mapping demonstrates that many chemical 

reactions happened between AlN/Al NPs and Mg, Zr, REs, which will be analyzed in the 

following 4.1 discussion session. 

 

Fig. 8. TEM bright images for El21+0.5% NPs-3000 alloy (a) eutectic region of the composites 

and the corresponding SADP (selected area diffraction pattern) along [�̅�𝟏𝟏] zone axis, (b) the 

agglomeration of the particles are indicated with black arrows and the eutectic phase is 

indicated with white arrow, (c) the higher magnification of position a in (b), (d) the 

corresponding polycrystalline diffraction rings of (c) and (e) A, B and C white dashed circles 

are (101), (110), and (203), respectively, which are identified as AlN. 



Fig. 8 (a) shows TEM images with the eutectic phase of the as cast El21+0.5% NPs-3000 

alloy. The corresponding SADPs (selected area diffraction patterns) were characterized to be 

Mg3RE, which is consistent with that identified by the XRD patterns. Fig. 8(b) shows the 

nanoparticle clusters as indicated by black arrows. Noting that the clusters are distributed inside 

the α-Mg matrix instead of at boundaries connecting with eutectic phase, implying the NPs 

were captured rather than pushed by the solidification front [27]. This suggests a better 

adhesion between Mg and NPs than that by US-assisted treatment in [26]. Fig. 8(c) is the 

magnified image of position ‘a’ in (b). Fig. 8(d) shows the corresponding polycrystalline 

diffraction rings of the black clusters of (c). A, B and C circles were identified as (101), (110), 

and (203) of AlN (Fig. 8(e)), respectively. The black clusters are thus confirmed as AlN NPs. 

4 Discussions 

4.1 Effects of Al NPs 
 

AlN NPs were normally identified as a promising potential heterogeneous nucleation agent 

for Mg-alloys to refine the grain size due to their close hexagonal closed-packed (hcp) lattice 

parameters compared to Mg [28, 29]. However, there is an obvious grain coarsening with the 

addition of AlN/Al NPs by HSDT compared with unreinforced El21 alloys in Fig. 3. This 

coarsening phenomenon by adding AlN/Al NPs is mainly attributed to the poisoning effects of 

Al element in Zr-containing Mg alloy. Zr is one constituent in El21 alloy, which is normally 

added as a grain refiner in aluminum-free Mg-base alloy. With the addition of Al NPs, the grain 

refiner Zr could be consumed due to its chemical reaction with Al element to form stable Al-

Zr compound (such as Al3Zr [7, 25, 30]). The consumption of Zr interferes the grain refinement 

effect from Zr in El21 alloy, thus giving a rise in grain size. This reaction can further be 

promoted with HSDT and consequently more Zr may be consumed. The grain refinement 

resulting from the HSDT can not completely compensate the grain coarsening caused by the 

loss of Zr and consequently the grain size increases largely. 

Theoretically, when AlN/Al NPs are added into the El21 alloy at 720 °C, Al element would 

melt easily and possibly react with RE, and Zr to form Al2RE [31] and Al3Zr [32], respectively. 

AlN NPs have a high melting point and do not dissolute in Mg melt. Previous researches [33, 

34] reported that Zr and AlN might react with each other to form Al3Zr and Al2Zr at the 

interface above 300 °C. Normally Zr is formed as isolated separate cores in the α-Mg grains, 

which is regarded as a nucleation site for α-Mg grains during solidification process [35, 36]. 

When the AlN/Al NPs were incorporated in El21 alloy by HSDT, the core Zr is more likely to 



react with AlN or Al element. A stable compound Al3Zr might be formed at the surface of the 

core Zr during this chemical reaction [25]. With the assistance of HSDT, the Al3Zr compound 

could be promoted ahead of the solid/liquid interface and solidifies together with eutectic phase 

Mg3RE. Based on the core-shell structure from Daudin’s [37] research obtained by color-

density equalizing procedure on El21+AlN composite, P4 in Fig. 7(d) can be assumed as the 

core Zr surrounding by Al3Zr and the Mg3RE eutectic phase. During these chemical reactions, 

a certain amount of grain refiner Zr was consumed and an obvious grain coarsening was 

obtained after the addition of AlN/Al NPs (Fig. 3). Meanwhile, it is worth noting that not all 

the Zr element reacted with AlN or Al element, parts of Zr are still remained in P6. In addition, 

Al, RE and Mg were detected in P5 with no Zr (Fig. 7 (d)), implying that besides the chemical 

reaction between Al and Zr, there also exists a chemical reaction between Al and RE to form 

Al-RE intermetallics. Abdollah et al. [26, 38] have claimed that Al2RE phase was observed by 

XRD patterns in El21 alloy with more AlN/Al NPs incorporated by US. Therefore, it is 

reasonable to assume that Al2RE phase may be formed during solidification. Due to the slight 

amount of this Al2RE phases in the present experiment, it is hard to directly confirm it with 

XRD patterns and its effect for the creep resistance can be ignored. 

4.2 Effects of AlN NPs  

As illustrated before, the shape of the grains changed from equiaxed to hyper-branched 

dendrites (Fig. 3) and the eutectic phases became thinner and denser after the addition of 

AlN/Al NPs by HSDT (Fig. 5 and Fig. 6). It is speculated that the eutectic phase normally 

solidifies between the dendritic arms or grain boundaries at the last stage of solidification in 

El21 alloy [37]. The dendrite morphology of α-Mg plays a key role in influencing the growth 

and distribution of eutectic phases. Previous investigation [37] has demonstrated that NPs 

ahead of the solid/liquid interface could disturb the dendritic growth, block the solute diffusion, 

and result in morphological transitions such as dendritic to cellular, dendrite tip splitting and 

hyper branching. Guo et al. [39] indicated that NPs could reduce the effective solute diffusivity 

within the liquid ahead of the solid/liquid interface. This effect restricts the redistribution of 

solute elements, increasing their concentration at the dendrite tips and finally leading to a 

hyper-branched grain morphology. Therefore, the existence of AlN NPs could cause hyper-

branching growth of α-Mg dendrites, decrease the size of dendrite arm and increase the density 

of the dendrite boundaries. Consequently, the eutectic phases which are finally formed would 

become thinner, denser and more homogeneously distributed within the dendritic arms in the 

NP-reinforced alloy. Furthermore, AlN NPs are normally used as nucleation agents for Mg-



alloys to refine the grain size [29], they can to some extent retard the grain coarsening resulting 

from the loss of grain refiner Zr.  

4.3 Influences of HSDT 
Unlike traditional incorporation methods, such as mechanical stirring and US for preparing 

MMNCs, HSDT especially with its rotor-stator design can provide a drastic macro-flow to 

create an intense vortex in the melt [16-18]. This high speed turbulence is beneficial for 

increasing the contact and wetting between NPs and the El21 melt, leading to a uniform 

distribution of NPs. The special mechanical design, with apertures evenly distributed at the 

bottom part of the stator (Fig. 1), could further effectively alleviate the clustering of NPs. Once 

the composite slurry was forced into these stator apertures, an intense friction would be 

generated by the viscous effect on the aperture wall through the fluid squeezing. The melt 

would be jetted out from the high speed rotating impeller. Consequently, a high shear stress 

was applied on the melt which was further helpful for breaking up any agglomerations. As the 

shearing speed increases to 3000 rpm, the flow velocity increases at those apertures while the 

stator geometry is fixed, thus giving rise to a much higher shear stress [40]. With much higher 

shear stress, AlN NP clusters are more likely to be broken up and achieve a better distribution. 

Furthermore, the homogeneous distribution of AlN NPs is more effective to modify the 

morphologies of α-Mg dendrites and result in thinner and hyper-branched eutectic phases in 

the matrix, thus giving a higher creep resistance in El21+0.5% NPs-3000 alloy (Fig. 2 (a)). 

4.4 Creep mechanism 
In order to investigate the creep mechanism of the reinforced El21 composite, El21+0.5% 

NPs-3000 composite crept at 240 °C under 140 MPa applied stress was observed by TEM in 

Fig. 9. It is obvious that a high density of dislocation was produced in the matrix. Most of these 

dislocations located on the basal planes. Determinations of Burgers vector according to 

invisibility criteria, those dislocations were <a> type dislocations, which demonstrates the 

basal slip has taken place during creep deformation. Meanwhile, some cross-slip dislocations 

were also observed as the red arrows indicated in Fig. 9(a), which further illustrates the 

occurrence of dislocation glide. Fig. 9(b) shows the typical dislocation wall adjacent to the 

subgrain, which resulted from the dislocation-dislocation interactions. The formation of 

subgrains was reported to be firmly related to the dislocation climb [41]. This suggests that 

creep deformation in NP-containing El21 alloy proceeded by dislocation climbing. These 

conclusions are in good agreement with that obtained by the analysis of true stress exponents. 

Considering the controlling mechanism during creep deformation, the additional effects from 



grain coarsening could be ignored, since the responsible creep mechanisms are viscous glide 

of dislocation and the dislocation climbing rather than the grain boundary sliding. 

 

Fig. 9. TEM observations of dislocations in α-Mg of El21+0.5% NPs-3000 crept at 240 °C 

under 140 MPa (a) image obtained along B= [𝟏�̅�𝟏𝟎] with g= [𝟎𝟎𝟎𝟏], (b) subgrain and 

dislocation wall. 

 

Any particles which can inhibit dislocation glide or hinder the dislocation movement are 

supposed to enhance the creep resistance [4]. Since a better distribution of AlN NPs was 

achieved by HSDT, according to Orowan strengthening [42], the reinforcing particles can act 

as effective obstacles against dislocation motion, which subsequently gives rise to creep 

resistance during deformation process. In addition, the morphology of the eutectic phases is 

changed with the addition of NPs and with the assistance of HSDT. In the NP-free El21 alloys, 

Mg3RE phase is the dominant eutectic phase, which is thermally stable at high temperatures. 

These eutectic phases are normally formed along the dendritic and grain boundaries. Regarding 

the NP-containing El21 nanocomposite, the eutectic phases are not only distributed along the 

dendritic and grain boundaries, but also located inside the grains (Fig. 6(c) and (e)). This 

distribution feature indicates that they can not only pin the grain boundary sliding but also 

hinder the dislocation movement inside the grains during deformation. As a result, the creep 

resistance is further improved. Terbush [43] also reported that the thermally stable precipitates 

inside the grains could impede the non-basal dislocation movement and therefore increase the 

creep resistance. As the shearing speed increases from 500 to 3000 rpm, as aforementioned, 



the distribution of NPs becomes more homogeneous and the amount of those small dotted or 

bulk-shaped particles increases (Fig. 6(c) and (e)). The more and denser phases with 

homogeneous distribution lead to greater resistance to dislocation movement inside the grains. 

Consequently, the creep resistance increases. 

5 Conclusions 
The HSDT was successfully introduced to distribute the AlN/Al nanoparticles in El21 alloy 

and therefore improve the creep resistance of nanoparticle-reinforced El21 alloy at elevated 

temperature 240 °C. Following conclusions can be obtained: 

1. HSDT especially with its rotor-stator design is an efficient approach to prepare El21 

alloy reinforced with AlN/Al NPs. It can break up AlN NP clusters and achieve a 

homogeneous distribution. 

2. The creep resistance of El21 alloys at high temperature 240 °C was enhanced by about 

one order of magnitude with the addition 0.5% AlN/Al NPs by HSDT. The rate-

controlling mechanisms are viscous glide of dislocations and dislocation climbing. 

3. The grain size, grain shape and the morphology of the eutectic phases are influenced 

by the addition of AlN/Al NPs. The eutectic phases become less continuous, much 

thinner, and more homogeneously distributed at the grain boundaries and inside the 

grians. These phases and AlN NPs can pin the grain boundary sliding and hinder the 

dislocation movement, thus resulting in an improvement of the creep resistance. 
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