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Abstract 

High angle annular dark field scanning transmission electron microscope imaging and 

electron energy loss spectroscopy was used to elucidate the elemental distribution (Gd, 

Zn, Mn) within the long-period stacking ordered (LPSO) structure in a 

Mg-15Gd-0.8Zn-0.8Mn (wt %) alloy. While Gd and Zn enrichment was observed within 

the LPSO structure, no significant enrichment in Mn was observed. After averaging over 

a large region, a very weak Mn signal was resolved but no significant variations in Mn 

signal were observed over this region, suggesting that Mn is indeed present. These results 

provide useful information to support the future development of high performance Mg 

alloys. 

Keywords: Magnesium alloys; Segregation; Long-period stacking ordered structure; 

High angle annular dark field (HAADF); Electron energy loss spectroscopy (EELS) 
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1. Introduction 

Magnesium alloys have a great potential and have been widely used as important 

structural parts for automotive and aerospace applications due to their high specific 

strength [1]. However, compared with high performance Al alloys, the effect of 

precipitation hardening of Mg alloys is comparatively low due to the lower number 

density and volume fraction observed in conventional Mg alloys (i.e. AZ91, AM60, 

ZK60) [2]. Furthermore, the thermal stability of these precipitates (i.e. Mg17Al 12 in AZ91) 

formed in conventional Mg alloys is relatively lower when compared with that formed in 

high performance Al alloys. Therefore, the application of these conventional Mg alloys 

alloys has been limited to specific components that operate at temperatures below 150 °C 

due to the rapid degradation of the mechanical properties at elevated temperatures, 

especially the creep resistance. To date, some novel high performance Mg alloys 

(MRI230D, AS31, AJ62, AE44, WE43 and Elektron21 et al) have been developed for 

possible applications at elevated temperatures. For example, AJ62 alloy has been used for 

transmission cases together with Al alloys in engine blocks. WE43 alloy has been used for 

engine blocks in Formula1 in temperature ranges up to 350 °C. Even pistons have been 

made from Mg alloys or even metal matrix composites based on Mg. These novel high 

performance Mg alloys are mainly strengthened by precipitation hardening. Apart from the 

well-accepted precipitation hardening, the formation of long-period stacking ordered 

structure (LPSO) structures in Mg alloys containing a small amount of transition metals 

(TM) and rare earths (RE) is also promising for the further Mg development due to their 

excellent mechanical properties [3].  
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Different LPSO structures (i.e. 18R, 14H, 10H, 24R) have been reported in Mg-TM-RE 

alloys (where TM refers to Zn etc and RE refers to Y, Gd etc) [4, 5]. The majority of 

previous research studies have mainly focused on Mg-Zn-Y alloys but Mg-Gd-Zn alloys 

may also offer the potential for improved performance because of the facts that small 

additions of Zn (about 1 wt %) stimulate an age hardening response in Mg-Gd alloys and 

thereby Gd contents can be decreased to a level (about 6 wt %) much lower than that 

(higher than 15wt %) ordinarily associated with a significant ageing response [6]. The 

precipitation of Ȗ type precipitates on (0001)Mg planes has been observed in a Mg-Gd-Zn 

alloy with low Gd and Zn concentrations (i.e. Mg-6Gd-1Zn-0.6Zr (wt %)), which was 

aged at low temperatures (200 °C - 250 °C) [7]. More recently, the Ȗޗ and Ȗޗޗ phases were 

also observed in a Mg-2.5Gd-1Zn (at %) alloy aged at 225 °C, where Zn atoms were 

found to occupy some atomic sites in the center layer of the Ȗޗޗ phase [8]. Furthermore, in 

Mg-Gd-Zn alloys with high Gd and Zn concentrations (i.e. Mg-12Gd-2Zn-0.6Zr (wt %)), 

the formation of stacking faults and the 14H phase on (0001)Mg were observed at 

intermediate and high temperatures (300 °C - 500 °C) [9]. By contrast, the [10] ޗ, 1 [10] 

and  phases [9] were observed at low temperatures (200 °C) [9]. Clearly, alloy 

composition (i.e. Gd and Zn concentrations as well as the ratio of Gd / Zn) and the ageing 

temperatures have a significant effect on the precipitation path of Mg-Gd-Zn alloys. 

Recently, the LPSO structure has been reported in a Mg-15Gd-0.8Zn-0.8Mn alloy (wt %) 

and was investigated using energy dispersive X-ray spectroscopy (using the 

Cliff-Lorimer k-factor method for quantification) [11]. It was found that the LPSO 

structure consists of Gd- and Zn-enriched solute clustering, indicating that there is a 

significant co-segregation of Gd and Zn within the LPSO structure. However, no 
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significant Mn was observed in the LPSO structure within experimental uncertainty of 

the measurement (~0.1%). This is surprising as the addition of Mn has been reported to 

promote the formation of the LPSO structure in the Mg-15Gd-1Zn-0.4Mn alloy [12]. 

Further development of these high performance Mg alloys is being held back by a lack of 

a thorough atomic scale characterization of the LPSO structures. Such information is 

essential to support theoretical modeling and elucidate precipitation mechanisms.  

In this paper, we apply atomic scale high angle annular dark field scanning transmission 

electron microscopy (HAADF STEM) imaging and electron energy loss spectroscopy 

(EELS) to elucidate the elemental distribution (i.e. Gd, Zn and Mn) within the LSPO 

structure in the Mg-15Gd-0.8Zn-0.8Mn alloy (wt %). This investigation is of great 

necessity for the development of high performance Mg alloys because of the fact that a 

high ductility can be achieved by tailoring LPSO structure and thereby by the activity of 

non-basal <a> slip [12, 13].  

 

2. Materials and Methods 

The Mg-15Gd-0.8Zn-0.8Mn alloy (wt %) is referred to commercially as EZM1511. The 

EZM1511 alloy was prepared from pure Mg (99.9%), Zn (99.9%) and Mg–28Gd in an 

electric resistance furnace under the protection of an anti-oxidizing flux (55 % KCl, 15 % 

BaCl2, 2 % MgO, 28 % CaCl2), and then cast into a sand mould. The sand is mixed with 

sodium alkyl sulfonatemould, 0.25-1% S and 0.2-0.5%H3BO3 in order to protect the Mg 

alloy during casting. Mn was added using MnCl2. Casting temperature is about 720 °C. 
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The as-casting sample is about 12 mm in diameter and 160 mm in length. Solution 

treatment was performed at 520 °C for 1000 h, followed by quenching into cold water. 

Thin foil samples suitable for transmission electron microscope (TEM) and STEM 

imaging were prepared using a Gatan Precision Ion Polishing System (PIPS, Gatan model 

691). The samples were mechanically ground, polished and dimpled to about 30 ȝm in 

thickness, and then ion-beam milled until electron transparent. The preparation 

temperature was kept constant at about -10 ºC using a cold stage during ion beam 

polishing.  

Conventional TEM imaging and diffraction was performed using a Philips CM12 

microscope operated at 120 kV equipped with a CCD-camera (GATAN Model 794 MSC 

BioScan). HAADF STEM imaging and EELS were performed using a Nion 

UltraSTEM100 aberration corrected dedicated STEM. The microscope was operated at 

an acceleration voltage of 100 kV and an electron probe convergence semi-angle of 31 

mrad, which resulted in an estimated minimum electron probe size of 0.08 nm. The cold 

field emission gun of the microscope has a native energy spread of 0.35 eV. The HAADF 

detector collection semi-angle was 83 - 185 mrad and the spectrometer collection 

semi-angle was 36 mrad. EELS elemental maps where then created by integrating the 

EELS signal of each edge (at a nominal edge onset energy): Gd M4,5 (1185 eV), Zn L2,3 

(1020 eV), Mn L2,3 (640 eV), Fe L2,3 (708 eV), Mg K (1305 eV) and O K (532 eV), over a 

suitable energy window after subtracting the preceding exponential background fitted 

with a power law. All EELS edges were identified following reference [14]. EEL spectra 

were de-noised using Principal Component Analysis (PCA) as implemented in the MSA 

plugin for [15] for Gatan’s Digital Micrograph software. The intensities of the EELS 
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maps were displayed on a false colour scale, so that within each map, a low intensity 

(black) corresponds to a lower relative concentration, while increased contrast (colour) 

corresponds to an increase in (relative) elemental concentration. 

 

3. Results 

Figure 1 shows bright field TEM micrographs (Figure 1a, c) and corresponding selected 

area electron diffraction (SAED) patterns (Figure 1b, d) of the LPSO structure in the 

EZM1511 alloy. A significant density of areas displaying the LPSO structure was 

observed along grain boundaries (Figure 1a) and within the Mg matrix (Figure 1c). In the 

SAED patterns (Figure 1b, d), fourteen consistent diffraction spots attributed to the LPSO 

structure are present at regular intervals between the transmission spots ({0000}) and 

diffraction spots corresponding to the {0002} planes of the Mg matrix. The LPSO 

structure can, therefore, be indexed to be of a “14H type”.  
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Figure 1: Bright field TEM micrographs (a, c) and corresponding selected area electron 

diffraction (SAED) (b, d) patterns showing the LPSO structure in the EZM1511 alloy. 

The electron beam is parallel to [2-1-10]Mg.  

 

Figure 2 shows a HAADF-STEM micrograph viewed in a [2-1-10] zone axis projection 

(Figure 2a) and its Fourier transform (FFT) (Figure 2b) taken from the region of the Mg 

matrix shown in Figure 2a where a single instance of the LPSO structure was identified. 

Figure 2c shows the HAADF-STEM image and EELS elemental maps of Zn, Gd, Mg, O 

and Fe for the rectangular region highlighted in Figure 2a revealing the elemental 

distribution of the LPSO structure in the EZM1511 alloy. The atomic resolution images 

reveal that the LPSO phase is about two atomic layers in thickness (Figure 2a), while the 

chemical maps show it is enriched with Gd and Zn (Figure 2c), which is fully consistent 

with previous work [11]. It should be noted here that trace amounts Fe and O were 
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observed, which can be attributed to the impurity of the raw materials used and oxidation 

(through exposure of the samples to air during handling), respectively.  

 

Figure 2: (a) HAADF-STEM micrograph, (b) Fourier transform (FFT) taken from the 

region of the Mg matrix in (a), (c) HAADF-STEM image and EELS elemental maps of 

Zn, Gd, Mg, O and Fe showing the elemental distribution within the LPSO structure in 

the EZM1511alloy. The electron beam is parallel to [2-1-10]Mg.  

Figure 3 shows an “overview” HAADF-STEM micrograph (Figure 3a), a “close up” 

HAADF-STEM micrograph (Figure 3b), as well as a HAADF-STEM image and EELS 

elemental maps of Zn, Gd, Mg, O and Fe (Figure 3c) of a multi-LPSO structure 

(multi-layers) of a type frequently observed along the grain boundaries in the EZM1511 

alloy. As in the single LPSO structure (Figure 2), each of the separate LPSO structures is 

approximately two atomic layers in thickness (Figure 3a, b) and is enriched with Gd and 

Zn (Figure 3c). The single layer LPSO structure has been related to stacking faults [12], 
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which may further convert into LPSO structure (multi-layers) due to a very long 

annealing time at elevated temperatures (520 °C for 1000 h in this study). Indeed, the 

LPSO structure in the bottom of Figure 3a is well ordered while the LPSO structure on 

the top of Figure 3a appears to be not well-ordered yet. However, a consistent enrichment 

of Gd and Zn within the LPSO structure can be seen in both cases. Importantly, no Mn 

enrichment of the LPSO structure was observed in either case within measurement 

accuracy.  

 

Figure 3: (a) HAADF-STEM micrograph, (b) Higher magnification HAADF-STEM 

micrograph of the same area, (c) HAADF-STEM image and EELS elemental maps of Zn, 

Gd, Mg, O and Fe showing the elemental distribution within the LPSO structure in the 

EZM1511 alloy. The electron beam is parallel to [2-1-10]Mg.  

In order to further verify the Mn distribution, Figure 4 shows a single spectrum averaged 

over the entire region shown in the HAADF image to the right. While a very weak Mn 

signal was resolved, no significant variations in Mn signal were observed over this region, 
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suggesting that Mn is indeed present but its concentration may be beyond the detection 

limitation of HAADF-STEM and EELS. Mn is known to have a limited solubility (about 

0.4 at % at 520 °C) in the Mg matrix [16], and the very low signal levels detected here 

would be consistent with such low content. This reveals that Mn may not be directly 

involved in the formation of the LPSO structures, although it does not rule out the 

possibility that the presence of Mn within the Mg matrix may decrease the stacking fault 

energy required for the formation of the LPSO structure [12]. Further atomic scale 

characterization of Mn distribution using experimental techniques with lower detection 

limits for trace elements, such as atom probe tomography, and atomic scale simulation 

using density functional theory is still required to understand the formation mechanism of 

the LPSO structure in Mg-Gd-Zn-Mn alloys.  

 

Figure 4: A single averaged spectrum taken from the entire region showed in the HAADF 

image (right). Note that a very weak Mn signal was resolved but no significant variations 

in Mn signal were observed within the probed region. The electron beam is parallel to 

[2-1-10]Mg.  

4. Conclusions 

We have investigated the elemental distribution of the LPSO phases in a Mg-Gd-Zn-Mn 

alloy by atomic scale HAADF-STEM imaging and EELS. While enrichment of Gd and 
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Zn was observed within the LPSO structure, no accompanying Mn enhancement was 

observed. After averaging over a large region, a very weak Mn signal was resolved but 

no significant variations in Mn signal were observed over this region, suggesting that Mn 

is indeed present. The results of the present study might provide useful information to 

inform modelling and support the development of high performance Mg alloys. 
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Highlights 
 
1. Gd and Zn enrichment was observed within the LPSO structure in an 

Mg-15Gd-0.8Zn-0.8Mn (wt %) alloy 

2. No significant enrichment in Mn was observed within the LPSO structure.  

3. These results provide useful information to support the future development of high 

performance Mg alloys. 
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