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Abstract:  

Transmission Kikuchi diffraction (TKD) and transmission electron microscopy (TEM) have been 

used to investigate the fragmentation of Mg24Y5 intermetallic particles in an Mg-Zn-Y alloy 

during the equal channel angular pressing (ECAP). During the ECAP process, micro-cracks 

formed in large Mg24Y5 particles and dynamic recrystallised Mg grains were observed inside the 

crack. The dynamic recrystallisation of the Mg24Y5 also occurred and the particle size has been 

reduced. The recrystallised Mg24Y5 particles assume either an irregular or necking shape 

contributing to the dispersion of the small particles. The fragmentation of the Mg24Y5 particles 

also reduced the grain size of the surrounding magnesium grains. The refinement of the 

intermetallic particles is expected to improve the strength and ductility of the alloys.  

 

Keywords: Mg24Y5; magnesium alloys; transmission Kikuchi diffraction (TKD); dynamic 

recrystallisation  
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1. Introduction 

Intermetallic compounds such as Mg17Al12, MgZn and Mg24Y5 can be found in many Mg alloys. 

Most intermetallics are purposely introduced during the artificial ageing, following high 

temperature solution treatment, as fine and uniformly dispersed precipitates in an Mg matrix as 

strengtheners [1] [2]. Intermetallic compounds can also form in cast Mg alloy components. 

These compounds are relatively large and may act as a source for cracking during services [3] [4] 

[5]. One such an example is Mg24Y5 widely observed in Mg-Zn-Y alloys [6] [7] [8] [9]. Mg24Y5 

assumes the same structure as Mg17Al12 (space group 𝐼4̅3𝑚, Pearson code cI58) containing 58 

atoms in its unit cell [10]. Mg24Y5 is brittle at room temperature due to the presence of the local 

icosahedral order, or more generally a local tetrahedral packing of the atomic structure [11], thus 

the large Mg24Y5 particles are detrimental to the mechanical performance of the alloys and must 

be refined. Thermo-mechanical processes such as hot extrusion and equal channel angular 

pressing (ECAP) can effectively refine the intermetallic particles achieving improved mechanical 

properties [12] [13] [14] [15]. However, the mechanism underlying the refining process that is 

key to the overall microstructure evolution during the processing remains unclear. 

Maghsoudi et al. [16] suggested that the cracking of Mg17Al12 particle refined the particles 

during deformation at 250 °C. Zhou et al. [17] reported a needle-shaped intermetallic phase 

fragmented through bending and resulted in the fracture of an Al-Si alloy. Another widely 

observed fragmentation mechanism is through ‘necking’ [12]. Li. et al. [12] observed barbell-

shaped Mg17Al12 particles in an extruded AZ91, which was suggested as a result of the necking 

process where the small Mg17Al12 particles can form directly from the divorced eutectic products 

through the ‘necking’ of elongated particles. Maghsoudi et al. [16] suggested the necking of the 

Mg17Al12 is related to the strain-induced dissolution of the particles. Liu et al. [18] also suggested 
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that the strain-induced dissolution played a role in the fragmentation of θ′ particles in an Al-Cu 

alloy. Despite this, only limited morphological observations have been obtained to understand 

the fragmentation of the intermetallic particles. Detailed crystallographic information directly 

correlating the original and the fragmented particles has not been reported. 

The lack of evidence concerning the fragmentation process was probably due to the lack of 

suitable characterisation techniques. TEM offers high spatial resolution crystal orientation 

determination but is time consuming for studying material fragmentation. Electron backscattered 

diffraction (EBSD) is useful for providing crystallographic information over a large area but the 

spatial resolution is limited such that its application to the fragmented small and high strained 

particles is challenging. Transmission Kikuchi diffraction (TKD, also known as transmission 

EBSD) has been developed over the last few years [19] [20]. It uses the Kikuchi diffraction 

pattern formed when electrons transmit through a thin sample in an SEM and requires a small 

tilting angle (typically 10-20°, rather than the 70° for EBSD), which leads to a significantly 

improved spatial resolution down to 10 nm [19]. Like conventional EBSD, TKD is able to study 

a large area of material transparent to the electron beam. Therefore, TKD is a suitable technique 

to study the fragmentation of intermetallic compound in terms of the spatial resolution and the 

size of the regions of interest. In this paper, the fragmentation of Mg24Y5 particles in a cast Mg-

Zn-Y alloy as the result of ECAP processing has been studied using a combination of TKD and 

TEM.  

2. Experimental 

An Mg94Zn2Y4 (at.%) alloy was prepared using an induction furnace under an argon protective 

environment from pure magnesium, pure zinc and a Mg-30Y wt. % master alloy. Specimens 

with dimensions of 10 mm × 10 mm × 20 mm were cut from the as-cast ingot and ECAP 
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processed for 1, 2 and 3 passes at 300℃ using a 90° die with back pressure. The channel 

intersection angle Φ and the curvature angle Ψ are 90º and 36º respectively. The samples were 

rotated 90º in the same direction between two consecutive passes of ECAP.  

The deformation microstructure was studied using a Tescan Mira-3 SEM using EDS, EBSD and 

TKD, and on a JEOL 2100 TEM. Samples for TEM and TKD analysis are 3 mm thin discs 

prepared by twin-jet electropolishing at -30 °C and 70 V using a solution containing 8.8 g 

lithium chloride, 19.3 g magnesium perchlorate, 833 mL methanol and 167 mL butoxyethanol. 

Thin disc samples for TKD were held by a 20° pre-tilted holder. The Kikuchi patterns were 

collected using a Nordlys EBSD detector and analysed using AZtec software. The EDS 

information was collected simultaneously using an X-Max SDD detector.  

3. Results  

Figure 1 shows the typical microstructure of the as-cast Mg94Zn2Y4 alloy used in the current 

study. Two types of secondary phases were observed in the Mg matrix, viz. the Mg24Y5 and the 

long-period stacking ordered (LPSO) phase. In the back-scattered electron imaging mode, the 

Mg24Y5 phase particles are typically of about 20 μm size and appear in a brighter contrast than 

the LPSO phase. The magnesium matrix appears darker. 
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Figure 1 Backscattered SEM image of the as-cast Mg-Zn-Y alloy showing the Mg24Y5 and LPSO 

phases brighter than the magnesium matrix. 

 

Figure 2 shows the typical morphology of the Mg24Y5 particles after 3 ECAP passes. Figure 2a 

shows a long particle which has cracked and became thinner in some areas. In the higher 

magnification image (Figure 2b), fragmented particles (indicated by the arrows) are found in the 

thin area. The morphology of the thin Mg24Y5 particle area resembles the necking morphologies 

reported in the literature [12] [16]. Figure 2c shows an area with Mg24Y5 particles of irregular 

shape detaching from a large Mg24Y5 particle. The higher magnification image (Figure 2d) 

shows some saw-teeth shaped particles (similar to the micro-sized necking) as indicated by the 

white arrows. The black arrow indicates a piece of Mg24Y5 particle being torn off the large 

particle to its right. This detaching particle has an irregular shape and sharp facets.  

Small Mg24Y5 particles dispersed in the matrix can be observed, as labelled with I - III in Figure 

2. These particles are particle shaped and of about 100 - 200 nm in diameter, smaller than the 

fragments mentioned. It is believed that these small particles formed during the dynamic 

recrystallisation of the deformed Mg grains due to the large strain introduced during ECAP.  
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Figure 2 Backscattered electron images obtained from a 3-pass ECAPed sample showing the 

morphology of the Mg24Y5 phase: (a) (b) cracks and thin area are observed in a long Mg24Y5; (c) 

(d) small irregular Mg24Y5 particles were torn off from a big particle.  

The microstructure of the ECAP processed alloy contains areas with much refined Mg grains, 

indicating that dynamic recrystallisation (DRX) has occurred during the processing. The typical 

morphology of a DRXed Mg region is shown in the forward scattered electron (FSE) image in 

Figure 3a. The FSE image was collected using the diodes located on the sides of the EBSD 

camera and contains both the Z contrast and the crystallographic orientation information. The 

EDS map of Y shown in Figure 3b shows that the white particles in Figure 3a have a higher 

content of Y than the surrounding Mg matrix. The phase map (Figure 3c) confirms that these 

particles have the same crystallographic structure as the Mg24Y5 phase. Figure 3d shows that the 

Mg grains and the Mg24Y5 grains have random orientations. These Mg24Y5 particles are largely 

located on the grain boundaries of the DRXed Mg grains of micron sizes with very few particles 

in the centre of Mg grains. These particles associated with the DRXed Mg grains and grain 
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boundaries are smaller and more dispersed than the fragmented Mg24Y5 particles shown in 

Figure 2. 

 

Figure 3 (a) FSE image showing the dispersed Mg24Y5 particles in a DRXed Mg region in the 3-

pass ECAPed sample; b) EDS map of Y; c) TKD phase map showing the Mg24Y5 phase is located 

mainly on the boundaries of the DRXed Mg grains; (d) TKD orientation map of the Mg24Y5 and 

the DRXed Mg.  

 

Figure 4a shows an SEM image of a 2-pass ECAPed alloy. This area contains lath shaped 

Mg24Y5 (in grey contrast in the centre of the image) surrounded by LPSO (in brighter contrast) 

and Mg (in grey). The corresponding phase map of the area is shown in Figure 4b. The Mg24Y5 

lath has a few locations which failed in the EBSD indexing, presumably due to the localised 

strain at these locations. The orientation map in Figure 4c shows that the lower half of the 

Mg24Y5 lath has an orientation quite different from the top half (misorientation angle of about 6°). 

Unlike Mg24Y5, no sudden orientation change can be observed in LPSO and Mg due to the 

deformation.  
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Figure 4 (a) Secondary electron image of 2-pass ECAPed Mg-Zn-Y alloy; (b) Conventional 

EBSD phase map; (c) Orientation map of the same area. 

 

Figure 5a shows an FSE image of a deformed Mg24Y5 particle in a 2-pass ECAPed sample. 

Micro-cracks can be observed in the Mg24Y5 particle but not in the surrounding Mg. Figures 5b 

and c show the TKD orientation maps from the Mg and Mg24Y5 respectively. As indicated by the 

arrows, small Mg grains are found inside the cracks in the Mg24Y5 particle. The orientations of 

the small Mg grains are quite different from each other, indicating that these are most likely 

DRXed grains. The cumulative and nearest-neighbour misorientation profiles along AB line in 

Figure 5c are plotted in Figure 5d and 5e. The crystal orientation changes gradually within each 

part of the Mg24Y5 particle. The orientation changes are normally smaller than 2° within each 

individual piece. Between different parts of the particle, the orientation variations are obviously 

larger than that inside the individual part and the misorientation angles between neighbouring 

pieces are less than 10°.  
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Figure 5 (a) FSE image of a 2-pass ECAPed Mg-Zn-Y alloy showing many cracks in large 

Mg24Y5 particle; (b) Orientation map of Mg only showing small DRXed grains inside the cracks 

in Mg24Y5; (c) Orientation map of Mg24Y5 only;(d) cumulative misorientation profile along AB 

line in Figure 5c; (e) nearest-neighbour misorientation profile along AB line in Figure 5c. Note 

that after 3 hours of TKD scanning, the orientation maps (b) and (c) slightly drifted compared 

with the electron image in (a) which was taken at the beginning of the scan.    

 

Figure 6a shows an area containing irregularly shaped bright particles in the 2-pass ECAPed 

sample. The EDS map of Y (Figure 6b) indicates that Y is rich in the bright particles and the 

phase map (Figure 6c) confirms that the bright particles are Mg24Y5. The inverse pole figure map 

(Figure 6d) shows an overall distribution of the orientations of the Mg24Y5 phases. Figure 6e 

shows the orientation map of the Mg24Y5 and the misorientation angles of grain boundaries are 

also displayed. The Mg24Y5 particle in the centre of the image has gradually changing orientation 

and contains low angle grain boundaries with misorientation of about 4° inside. The surrounding 
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Mg24Y5 particles are composed of small grains of a few hundred nanometres and with random 

orientations. The misorientation angles between these small grains are typically of 15-60°, which 

belong to high angle grain boundaries, except some low angle grain boundaries are observed in 

the blue area (upper right part) and few attached to the large grain (indicated by * followed by 

the misorientation angle). The blue area contains a mixture of sub-grains and grains with higher 

misorientation angles of about 11-28°. Compared with the original Mg24Y5 particles which were 

around 20 μm across and assuming one orientation within each particle in the cast alloy, it is 

likely that the low angle grain boundaries in the central Mg24Y5 particle are deformed structure 

and these small Mg24Y5 particles with random orientations are recrystallised grains formed 

during the ECAP. Figure 6a also shows some ‘necking’-like features (i.e. A and B area) in the 

Mg24Y5 particles and based on Figures 6e, high angle grain boundaries with misorientation 

angles of 32° and 44° respectively are found in these ‘necking’-like features which the 

neighbouring grains correspond to the recrystallised Mg24Y5 particles.  
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Figure 6 (a) FSE image of 2-pass ECAPed sample; (b) EDS map of Y; (c) phase map with 

magnesium in red, Mg24Y5 in yellow and unindexed spots in white. The unindexed spots are 

mainly because Mg and Mg24Y5 may overlap in the TEM foil thickness direction, which causes 

difficulty indexing the Kikuchi patterns. The thick black lines are grain boundaries with a 

misorientation larger than 10°; the thin black lines are boundaries where the misorientation lies 

between 2° and 10°; (d) inverse pole figure of Mg24Y5; (e) magnified orientation map of Mg24Y5 

with displayed misorientation angles of the grain boundaries. 

 

Figure 7a shows a TEM bright field image of a deformed Mg24Y5 particle. A crack can be seen 

in the centre of the image, as indicated by the dashed line. Within the crack, a string of small 

Mg24Y5 particles are surrounded by Mg. To further characterise the microstructure, the specimen 

was tilted to obtain changes in the diffraction contrast of the grains (Figures 7b-d). The grains 

highlighted in red and blue (in Figure 7b) are Mg and Mg24Y5 respectively. Both Mg and Mg24Y5 

grains within the crack have different orientations, indicating these are recrystallised grains. This 

observation agrees with the SEM results shown in Figure 5 where newly formed Mg grains were 

found in the cracks of a large Mg24Y5 particle.  
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Figure 7 TEM bright field images taken using many beam imaging conditions showing a 

deformed Mg24Y5 particle with a crack in the centre in a 2-pass ECAPed sample. (a-d) images 

after tilting showing small grains of Mg and Mg24Y5 inside the crack. The dashed line in Figure 

7(a) indicates the outline of the crack. The red and blue grains/arrows indicate the DRXed Mg 

and Mg24Y5 grains respectively. 

4. Discussion 

The fragmentation mechanism of intermetallics in a matrix during deformation has been often 

associated with cracking [16] [17] or ‘necking’ [12] [16]. Cracking is frequently observed in the 

current study with the Mg24Y5 particle found near the crack (Figure 5) showing relatively small 

misorientation angles, indicating the Mg24Y5 particle was directly torn from the bigger particle. 

Intermetallic compounds are in general brittle with limited formability. The crystal symmetry of 

the intermetallics is lower than that of conventional metals because of the increased atomic order 

and thus much larger energy is required to generate a perfect single dislocation. Pugh [21] 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

14 

 

introduced the modulus ratio G/B (G: shear modulus, B: bulk modulus) to predict the brittle or 

ductile behaviour of the material, where a high G/B ratio (larger than 0.57) is associated with 

brittleness, and vice versa. The G/B ratio of Mg24Y5 is about 0.57 based on the calculated moduli 

using density functional theory [22], while the G/B ratio of Mg is about 0.33 at room temperature 

[23]. This indicates that the ductility of Mg24Y5 is much lower than that of Mg at room 

temperature. The intermetallics such as Mg17Al12 generally have higher hardness and Young’s 

modulus than Mg [24] [25], so intermetallics/matrix interface are likely to have stress 

concentration during ECAP. It is not surprising that micro-cracks are formed inside the Mg24Y5 

particles when their deformation is incompatible with the surrounding Mg or LPSO phase. The 

micro-cracks then efficiently reduce the size of the Mg24Y5 particles. 

Regarding the ‘necking’ mechanism, Li et al [12] claimed that the small Mg17Al12 particles 

observed were formed mostly by necking of the original large Mg17Al12 particles and that the 

necking process resulted in an irregular shape of the Mg17Al12 particle. Maghsoudi et al [16] 

suggested that strain-induced dissolution caused the necking, thinning and separation of the 

Mg17Al12 particles and that small particles deformed at higher temperature and suffering more 

strain exhibit a more spherical shape. It is obvious that the individual particles or the barbell-

shaped particles formed by ‘necking’ mechanism require a relatively small misorientation 

between the small particles and the parent grains. However, the ‘necking’ mechanism has not 

been observed in the current study. Instead, irregular Mg24Y5 particles after deformation have a 

similar ‘necking’ morphology, but this is confirmed to be composed of small DRXed grains. The 

DRXed particles exhibit relatively spherical shape. This indicates that dynamic recrystallisation 

of the Mg24Y5 phase is also responsible for the fragmentation.  
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The dynamic recrystallisation of the pre-existing Mg24Y5 particles are observed both around the 

deformed grain (Figure 6) and inside a crack (Figure 7). These two scenarios suggest that 

different dynamic recrystallisation mechanisms are responsible. In general, the recrystallisation 

mechanism of the secondary phase remains unclear because previous work regarding the 

dynamic recrystallisation mechanisms has been focused on the single-phase system or the 

primary phase of a two-phase system [26]. A possible recrystallisation mechanism in Figure 6 is 

as follows. The DRXed grains with large misorientation angles are located around the deformed 

particles, and form a similar shape to the necklace grains, as has been often observed in the 

deformed Mg alloy [27] and NiAl alloy [28]. ECAP process has introduced large strain into the 

Mg24Y5 especially at the interface between the Mg24Y5 and Mg matrix. Figure 6 shows that sub-

grains were developed around the large Mg24Y5 grain and the blue area shows a mixture of the 

sub-grains and DRXed grains. The sub-grains grew into the DRXed grains observed.  

 

The DRXed Mg24Y5 grains result in different morphologies in the SEM depending on the 

numbers of attached grains. When two or more Mg24Y5 grains are joined together they show a 

micro-necking-like shape. The contact region is a weak site which can be easily separated by Mg 

matrix forming isolated Mg24Y5 particles. This is favourable for further fragmentation of the 

Mg24Y5 particles.  If a single Mg24Y5 grain is replaced by tens of intact grains, then a macro-

necking-like feature is observed. If an Mg24Y5 particle is composed of lots of DRXed grains, it 

exhibits a curved surface with some bulges caused by the small particles.  
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It is worth noting that small DRXed Mg grains are found inside the crack while the surrounding 

Mg is still a deformed large grain (Figure 5). In some cases (Figure 7), the DRXed Mg is also 

accompanied by DRXed Mg24Y5 grains, therefore the fragmented Mg24Y5 particles are separated 

from the original Mg24Y5 particles. This is probably due to the better formability of Mg than that 

of Mg24Y5. During the ECAP processing, the high stress squeezes Mg into the cracks. The Mg 

suffers extremely large strains, which results in small DRXed Mg grains. This indicates that the 

Mg matrix not only plays an important role in refining the eutectic Mg24Y5, but also fills the 

cracks and eliminates porosity. As the process continues, eventually Mg24Y5 will break into 

small separate parts and disperse in the Mg matrix. 

In summary, cracking and recrystallisation occur independently and both processes can break 

down the particles to a smaller size. However, the combination of both cracking and 

recrystallisation occurs widely and tends to be a more efficient fragmentation process.  

 

5. Conclusions 

A fragmentation mechanism has been proposed for eutectic Mg24Y5 intermetallic particles during 

ECAP. Initially cracks are formed which lead to fragmentation and significantly reduces the size 

of the Mg24Y5 particles; secondly, dynamic recrystallisation of these intermetallics occurred in 

the heavily deformed areas, e.g. near the crack. The agglomeration of DRXed Mg24Y5 grains 

gives rise to necking and thus to a dispersion of small Mg24Y5 particles. Meanwhile, the Mg 

matrix exhibits better formability than the Mg24Y5, which makes it possible to separate the 

fragmented Mg24Y5 particles. 
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Highlights: 

1. Transmission Kikuchi diffraction was used to study the fragmentation of the Mg24Y5. 

2. During deformation, micro-cracks and dynamic recrystallisation occur in Mg24Y5. 

3. The dynamic recrystallisation reduced the size of the Mg24Y5 particles. 

4. The fragmentation of Mg24Y5 also reduced the grain size of the surrounding Mg. 
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