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Abstract 

High-pressure torsion (HPT) processing was successfully applied to fabricate a novel hybrid 

material from separate discs of AZ31 (Mg-3Al-1Zn, wt.%) and Mg-0.6Gd (wt.%) alloys by 

straining through numbers of rotations, N, of 1/4, 1/2, 5, 10 and 20 turns at room temperature. 

The microstructure and texture were investigated near the bonding interface through the disc 

diameter using Electron Backscatter Diffraction (EBSD), Scanning Electron Microscopy 

(SEM) and Transmission Electron Microscopy (TEM). The microstructure exhibited two grain 

refinement regimes with the first occurring during an equivalent strain range, εeq, of ~0.3–72 

and the second during εeq from ~72–517. The general texture changed from B-fiber to Y-fiber 

and C2-fiber through the HPT processing. The resultant microstructures and textures of this 

hybrid alloy are examined separately for the AZ31 and Mg-0.6Gd alloys and found controlled 

by the presence of twinning, slip systems and second phases and the occurrence of different 

dynamic recrystallization mechanisms. 
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1. Introduction 

It is now well recognized that high-pressure torsion (HPT) is one of the most efficient 

techniques of severe plastic deformation (SPD) that can produce materials with excellent grain 

refinement and outstanding mechanical properties at room temperature (RT) [1]. Moreover, 

HPT processing allows materials having low crystal symmetry, such as magnesium-based 

alloys having hexagonal close-packed (HCP) structures, to be deformed at room temperature 

[2-8]. Significant grain refinement, to the range of ~110-250 nm, was reported using HPT 

processing in several Mg-based alloys [4, 5, 8-12].  

The mechanism responsible for grain refinement in these Mg-based alloys is dynamic 

recrystallization (DRX) due to the lack of a sufficient number of active slip systems [13]. 

Specifically, it is a discontinuous DRX process in which an array of new fine grains form along 

the original grain boundaries in a necklace-like structure in the process known as a strain-

induced boundary migration (SIBM) mechanism [13, 14]. In this mechanism, the bulging of the 

grain boundaries is caused directly by the difference in the dislocation density on either side of 

the boundary. The misorientations between the bulges and the deformed grains then increases 

with increasing strain and this leads to the formation of sub-grain boundaries which ultimately 

transform to new fine grains having high-angle grain boundaries (HAGBs). These new grains 

gradually consume the deformed grains leading to an ultrafine-grained microstructure [13, 14]. 

Consequently, the distribution of the misorientations in the grain boundaries is not altered 

through the deformation and grain refinement [7, 15]. The majority of HCP materials processed 

by HPT develop a basal texture (B-fiber), where the basal {0002} planes of the lattices in the 

grains become parallel to the normal shear plane [16]. Nevertheless, the presence of alloying 

elements such as rare earth (RE) elements in Mg-based alloys, and the distribution of second 

phases, cause deviations in the basal texture from its ideal position [7, 16, 17]. 
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Recent reports have demonstrated the feasibility of using HPT processing at RT to 

synthesize new hybrid alloys such as the Cu–Ni [18], Ag-Cu [19], Al-Cu [20], Al-Mg [21, 22], 

Al-Ti [23], V-Zr [24] and Zn-Mg [25] systems which are formed through solid-state reactions. 

An earlier report summarized the formation of unique alloy systems from separate bulk metals 

through the application of HPT [26] and it is evident that, well below the application of ultra-

severe plastic deformation [27], a heterogeneous microstructure is formed with ultrafine multi-

layered structures in the central areas of HPT disc samples and with nano-layered intermetallic 

phases embedded within mixed zones near the edges of the sample. 

The homogeneity developed in these hybrid systems is controlled by the HPT processing 

conditions including the amount of the imposed strain, the processing temperature and any post-

deformation heat treatment [18, 23, 24, 28-30]. To date, the scientific investigations have 

focused primarily on exploring the mechanical properties, as in tensile testing and the Vickers 

microhardness, together with the corrosion and tribological properties of the fabricated hybrid 

systems. The results confirm that HPT processing is a promising technique for bonding 

dissimilar materials at RT and for fabricating new materials for different structural applications.  

Currently, most published data are based on characterizing the microstructures of the mixed 

layers and the formation of the intermetallic phases during HPT processing of dissimilar 

materials [20, 23-25, 30-33].  

Following a comprehensive examination of these earlier results, the present work was 

undertaken specifically to explore the potential for bonding two alloys having similar Mg 

matrices, namely AZ31 (Mg-3Al-1Zn, wt.%) and Mg-0.6Gd (wt.%) alloys, through the 

application of HPT processing.  

Lightweight Mg-Al based alloys such as AZ31 alloy are very promising candidates to be 

used for weight reduction in transportations (aerospace and automotive) and the electronics 

industries and also as potential biodegradable implant materials in biomedical applications due 
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to their low density, high specific strength and biodegradability [34-39]. However, Mg-Al based 

alloys usually suffer from poor ductility and a rapid corrosion rate which significantly limits 

their industrial applications [34, 39, 40]. Mg alloyed with RE elements is now considered as an 

efficient route for improving the ductility of Mg-based alloys without compromising their 

strength [41-43]. Hence, the fabricates of a new generation of Mg hybrid materials with similar 

Mg matrices using HPT processing could be new strategy to achieve the desired combinations 

of properties and enhance the lightweight characteristics in order to extend the use of Mg-based 

alloys in different structural applications. It is important to note that, to date, there are no similar 

investigations describing the joining of dissimilar Mg-based alloys using HPT processing. 

Accordingly, the present research was initiated to examine the microstructure and texture 

development near the bonding interface in AZ31 and Mg-0.6Gd alloys using electron 

backscatter diffraction (EBSD) and transmission electron microscopy (TEM). The results are 

discussed with reference to the initial conditions and the separate microstructural and textural 

changes produced in the AZ31 and Mg-0.6Gd alloys.  

2. Experimental materials and procedures 

Sheets of hot-rolled AZ31 and an as-cast Mg-0.6Gd alloy were supplied by the Magnesium 

Innovations Center (MagIC, Germany) and the Institute of Physical Metallurgy and Materials 

Physics (RWTH-Aachen University, Germany), respectively. The microstructure of the as-

received alloys was revealed using optical microscopy after grinding with progressively finer 

SiC papers followed by electropolishing with 5:3-part ethanol and phosphoric acid for 30 min 

under a 3V applied voltage and etching at room temperature in an acetic-Nital solution (5% 

HNO3, 15% acetic acid, 20% distilled water and 60% ethanol) for 3 s. 

Discs with diameters of 10 mm and thicknesses of 0.85 mm were machined and prepared 

from both alloys. The AZ31 disc was placed on the lower anvil in the HPT facility and then the 

Mg-0.6Gd disc was placed on top as illustrated in Figure 1a and the two disks were processed 
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together by HPT at RT for numbers of HPT turns, N, of 1/4, 1/2, 5, 10 and 20 under quasi-

constrained conditions [44, 45]. The HPT discs were processed under a pressure of 6.0 GPa 

with a rotational speed of 1 rpm and care was taken to ensure there was no significant slippage 

during the HPT processing [46]. The equivalent strain, εeq, imposed during HPT is given by the 

relationship [47]:  

𝜀𝑒𝑞 =
2𝜋𝑁𝑟

√3ℎ
                                                                 (1) 

where r is the radial distance from the centre of the disc and h is the thickness of the disc. 

All microstructural observations and texture and microhardness measurements were 

undertaken on the cross-sectional (CD-SD) planes of the HPT discs where the shear reference 

frame is defined as the shear direction (SD), rotational direction (RD) and compression 

direction (CD). Following the HPT processing the discs were cut into two halves along their 

mid-plane.  

The EBSD measurements were performed near the centre (r  0.2 mm), at the mid-

radius position (r  2.5 mm) and at the edge (r  4.5 mm) of the mid-thickness plane of the 

HPT-processed discs as illustrated in Figure 1 using a TSL-EDAX-Hikari system mounted on 

a scanning electron microscope (FEG-SEM ZEISS Supra 55 VP) operating at 20 kV. Data 

collected from scanned areas of 40 × 40 μm2 with a 0.1 μm step size were managed by the 

Orientation Imaging Microscopy OIMTM software. Grain size data were obtained using a grain 

tolerance angle of 5° and a minimum grain size of 5 pixels. All datum points with a confidence 

index (CI) < 0.05 were excluded from the quantitative analyses [48]. In addition, spurious 

boundaries with misorientation angles θ < 2° were excluded from the EBSD maps to avoid any 

orientation noise. The mean grain size was measured using the equivalent diameter approach. 
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Figure 1: An illustration showing: (a) HPT processing and (b) the position for the EBSD on 

the vertical cross-section of the HPT disc. SD, CD, and RD are the coordinate systems. 

 

The grain orientation spread (GOS) approach in the OIM™ software was used for the 

identification of dynamic recrystallized grains. The GOS is defined as the average deviation 

between the orientation of each point in the grain and the average orientation of the grain, where 

grains with GOS < 1° are considered as fully recrystallized [49]. 

MTEX software was used to analyze the evolution of texture by calculating the 

orientation distribution function (ODF) using the harmonic method (L = 22) and a Gaussian 

function with a half-width of 5° to model each orientation [50].  

A field emission gun scanning electron microscope (FEG-SEM ZEISS Gemini) 

equipped with an energy dispersive spectrometry (EDS) system in backscattering (BSE) mode 

operating at 15 kV was used for the microstructural investigation and to obtain the chemical 

element mapping of samples processed for N = 1/4 turn. Another SEM (Hitachi SU8000) was 

used to analyse the microstructures at the bonding interfaces between the AZ31 and Mg-0.6Gd 

regions near the edges (r  4 mm) of the HPT-processed discs for N = 1/2, 10 and 20 turns in 
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the two modes of secondary electron mode (SE) and BSE. Samples for SEM analysis were 

prepared using an Hitachi IM4000 ion milling system to eliminate all deformation, stresses and 

oxide layers.  

A detailed microstructural analysis for the sample processed to N = 20 turns was carried out 

using a transmission electron microscope (TEM-JEOL JEM 1200) operating at an accelerating 

voltage of 120 kV and a CS-corrected dedicated scanning transmission electron microscope 

(STEM-Hitachi HD2700) operating at 200 kV. The TEM/STEM observations were prepared 

using a Focused Ion Beam (FIB) Hitachi NB-5000 microscope. Lamellas were cut from the 

cross-sections of samples in the direction parallel to RD and the STEM observations were 

carried out in bright-field (BF) and high-angle annular dark field (HAADF) modes. For some 

samples, selected area electron diffraction (SAED) patterns were also obtained. 

Vickers microhardness measurements were taken using a Mitutoyo HM-200 with a load of 

50 gf and a dwell time of 10 s. The disc samples were cut vertically across the disk diameters 

and the cross-sections were polished to mirror-like surfaces. A series of hardness values were 

recorded on these vertical cross-sections, measuring 8000 × 450 µm2, where a rectilinear grid 

pattern, having 150 µm separation between adjacent points, was applied for the automated 

measurement procedure. The recorded hardness values gave a total of 248 points and these 

points were used for construction of color-coded contour maps. 

 

3. Experimental results 

3.1.  Initial microstructures before HPT processing 

Figure 2 shows the initial microstructures of (a) and (c) AZ31 and (b) and (d) the Mg-0.6Gd 

alloys taken by optical microscopy (upper row) and SEM in BSE mode (lower row).  
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Figure 2: Initial microstructures of AZ31 on left and the Mg-0.6Gd alloy on right: (a, b) by 

optical microscopy and (c, d) by SEM in BSE mode. 

 

In the initial state the AZ31 alloy exhibited a typical deformation microstructure having 

a mixture of elongated deformed grains and small recrystallized grains (Figure 2a) with a mean 

grain size of ~16 ±2.5 µm and the presence of a high fraction of twins. Figure 2c shows that the 

AZ31 alloy contained massive nano-sized particles that were homogenously distributed within 

the microstructure. By contrast, the Mg-0.6Gd alloy exhibited a typical as-cast microstructure 

with coarse grains (Figure 2b) and with the presence of metastable large particles that were 

distributed reasonably homogenously (Figure 2d).  

 

3.2. Microstructure characterization using SEM and TEM after HPT processing 

Figure 3 shows SEM images (upper row) of the AZ31/Mg-0.6Gd hybrid material after HPT 

processing for N = 1/4 turn near the centre, mid-radius and edge of the disc, where the estimated 
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equivalent strains by eq. (1) are ~0.3, ~3.6 and ~6.5, respectively. The elemental compositions 

of the magnified zone from the mid-radius area (red frame) are determined through Mg, Al, Zn 

and Gd EDS elemental mapping (lower row). In addition, the chemical compositions of points 

marked 1-3 in this mid-radius area are given in Table 1. The total initial disc height of 1.7 mm 

decreased to ~0.63 mm after HPT processing and the AZ31 and Mg-0.6Gd alloys bonded 

successfully as shown in the centre of the disc.  

 

Figure 3: SEM images (upper row) of the AZ31/Mg-0.6Gd hybrid material after HPT 

processing for N = 1/4 turn near the centre, mid-radius and edge of the disk. EDS maps (lower 

rows) for the Mg, Al, Zn and Gd elements in the selected zone from the mid-radius region 

denoted by the red frame.  
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A fragmentation of the AZ31 alloy into layers occurred in the mid-radius area and the 

numbers of AZ31 layers increased near the edge of the sample. Such variations in morphology 

of the AZ31 layers are caused by the different strains introduced across the disc by the HPT 

processing since, as shown in eq. (1), the imposed strain varies from zero at the disc centre to a 

maximum at the edge. Table 1 indicates that the atomic percentage of Mg (89.5 %) and Gd 

(10.5 %) at point 3 suggests that this particle should be Mg5Gd (83% of Mg and 17% of Gd, in 

at. %) second phase which is in good agreement with the binary Mg–Gd phase diagram [42] 

and reports in the literature [51-53].  

 

Table 1. Chemical composition at different locations on the sample processed for N = 1/4 turn 

as shown in Figure 3.  

 
Point 1 Point 2 Point 3 

 
wt. % at. % wt. % at. % wt. % at. % 

Mg 96.2 97.1 99.1 99.9 56.9 89.5 

Gd - - 0.9 0.1 43.1 10.5 

Al 2.7 2.5 - - - - 

Zn 0.6 0.2 - - - - 

Mn 0.5 0.2 - - - - 

 

Figure 4 presents SEM micrographs with different magnifications near the centre of the 

sample processed for N = 1/4 turn and at the edges for the samples processed for N = 1/2 and 

10 turns where the equivalent strains for these three conditions are ~0.3, ~11.5 and ~230, 

respectively. The disc processed for N = 1/4 turn reveals an interesting microstructural evolution 

of the Mg-0.6Gd alloy. Thus, the microstructure is heterogenous through the thickness but near 

the interface, at about 26 µm of thickness, the microstructure is very refined. Far from the 

interface there are elongated large grains containing twins that are marked by arrows in the 

magnification of the red frame area. Shear bands are also present in this zone as indicated by 
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the dashed white lines. Although the microstructure of the AZ31 region appears homogenous 

through the thickness, the magnification within the yellow frame in AZ31 shows that the 

microstructure is formed principally of a mixture of refined grains and deformed grains 

containing twins.  

The microstructure of the Mg-0.6Gd alloy is homogenous through the thickness with 

increasing numbers of HPT turns as demonstrated at the edge of the disc processed for N = 1/2 

turn. An EDS analysis was performed for this sample at four different positions labelled 1-4 

and the recorded elemental compositions are listed in Table 2.  

 

Figure 4: SEM micrographs with different magnifications near the centre of a sample processed 

for N = 1/4 turn and at the edge of samples processed for N = 1/2 and 10 turns, respectively. 

Red and yellow frames show magnifications of Mg-0.6Gd and AZ31 regions of sample 

processed for N = 1/4 turn, respectively. White arrows show the presence of a twin in Mg-0.6Gd 

region of sample processed for N = 1/4 turn. The dashed line shown in the sample processed for 

N = 1/2 turn presents the interface between the AZ31 and Mg-0.6Gd regions. Yellow arrows 

and the blue frame indicate the bending of the interfaces and the formation of multilayers in the 

sample processed for N = 10 turns. 
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In addition to the presence of Mg5Gd second phase particles at point 3 in the Mg-0.6Gd 

region, new particles were detected at point 4 containing an exceptionally high fraction of Gd 

(93.1 %, wt.%) and these are probably associated with fragmentation of the initial Mg5Gd 

second phase particles. The presence of Si element in point 3 is probably due to grinding with 

SiC papers during the sample preparation. A bending of the interfaces and the formation of 

multilayers is visible in the sample after 10 turns as indicated by the yellow arrows and the 

magnified region in the blue frame. Nevertheless, there was no evidence for any delamination 

between the layers and the two alloys bonded perfectly as shown by the magnified region in the 

blue frame. 

 

Table 2. Chemical compositions at different locations on the sample processed to N = 1/2 turn 

as shown in Figure 4. 

 
Point 1 Point 2 Point 3 Point 4 

 
wt. % at. % wt. % at. % wt. % at. % wt. % at. % 

Mg 100 100 95.2 96.1 54.5 85.2 6.9 32.5 

Al - - 4.0 3.6 - - - - 

Zn - - 0.8 0.3 - - - - 

Gd - - - - 42.1 10.2 93.1 67.5 

Si - - - - 3.4 4.6 - - 

 

A series of observations by TEM in BF and STEM in BF and HAADF modes are shown 

in Figures 5 and 6 with different magnifications for the AZ31/Mg-0.6Gd interface near the edge 

of the disc processed for N = 20 turns where the equivalent strain is ~460.  
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Figure 5: TEM-BF image near the edge of the disc processed for N = 20 turns at (a) low 

magnification with the corresponding SAED pattern and (b) in an enlargement of the area 

within the yellow frame shown in Figure 5a. 

 

The microstructure shown in the low magnification TEM image and the continuous 

rings in the SAED pattern provide clear evidence for grain refinement with the development of 

HAGBs in the hybrid AZ31/Mg-0.6Gd system. A region near the formed interface between the 

AZ31 and Mg-0.6Gd alloy is shown in Figure 5b representing an enlargement of the area within 

the yellow frame in Figure 5a. 

Figures 6a and 6b show another interface region in STEM-BF and HAADF modes, 

respectively, and the AZ31 regions at high magnification are shown in Figures 6c and 6d, 

respectively. These images demonstrate that the AZ31 alloy underwent greater grain refinement 

than the Mg-0.6Gd alloy. Thus, the AZ31 region shows reasonably equiaxed grains with a small 

average size of ~0.11±0.06 µm whereas the Mg-0.6Gd region exhibits an equiaxed 

microstructure with a larger average grain size of ~0.40±0.03 µm. The STEM-HAADF image 

shown in Figure 6b reveals a weak fraction of an Mg5Gd phase marked by an arrow in the Mg-

0.6Gd region and this contrasts with the presence of spherical particles with diameters in the 

range of ~10-24 nm homogenously distributed in the AZ31 region as can be seen in the STEM-

HAADF image shown in Figure 6d. A Table of EDS results included in Figure 6e identifies 
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these particles as the Mg17Al12 phase and some of these particles also contain Zn. There is no 

evidence for the formation of any new intermetallic phases within the examined regions of this 

hybrid AZ31–Mg-0.6Gd system.  

 

Figure 6: STEM images in (a) BF and (b) HAADF at low magnification near the edge of the 

disc processed for N = 20 turns, high magnification STEM images in (c) BF and (d) HAADF 

showing AZ31 regions and (e) EDS analysis of particles present at points 1 and 2 in the AZ31 

region. Yellow dashed line in Figure 6b shows the interface between the AZ31 and Mg-0.6Gd 

regions. 
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3.3. Microstructure and texture evolution from EBSD 

3.3.1. Microstructure evolution near the interfaces after HPT processing 

Figures 7 and 8 show the orientation imaging micrographs (OIM) in inverse pole figure 

(RD-IPF) maps and grain size distributions, respectively, at the AZ31/Mg-0.6Gd interfaces near 

the centres, mid-radii and edges of samples processed for (a) 1/4, (b) 1/2, (c) 5, (d) 10 and (e) 

20 turns.  
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Figure 7: RD-IPF maps at the interface near the centre, mid-radius and edge of samples 

processed for (a) 1/4, (b) 1/2, (c) 5, (d) 10 and (e) 20 turns. The interface between the AZ31 

ang Mg-0.6Gd regions is marked by a dashed black line in each RD-IPF map. 
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The AZ31 and Mg-0.6Gd regions are indicated in the RD-IPF maps and the interface in 

each area is marked by a dashed black line in Figure 7 where RD is perpendicular in each OIM. 

The mean grain sizes at the interfaces in each measurement are depicted in the grain size 

distribution plots in Figure 8. 

 

Figure 8: Grain size distributions at the interface near the centre, mid-radius and edge of 

samples processed for (a) 1/4, (b) 1/2, (c) 5, (d) 10 and (e) 20 turns and (f) evolution of the 

mean grain size in the AZ31 and Mg-0.6Gd regions as a function of numbers of HPT turns.  

 

The RD-IPF maps in Figure 7 show the presence of black zones especially in the AZ31 

region where these are due to the high amounts of deformation in the sample. The grain size 

distributions appear bimodal at the lower numbers of HPT rotations in the range of ~1/4-5 turns 

where a group of grains of <1 µm is present with another group of grains having an average 

size of ~3 µm or larger. With further HPT processing, the distribution of grain sizes becomes 

more uniform with an average value of less than 1 µm throughout the disc diameter.  
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These quantitative measurements show there is excellent grain refinement to an average of 

~0.80±0.05 µm near the centre of the sample after 1/4 turn and thereafter the mean grain size 

appears to saturate at ~0.67±0.02 µm after 10 turns. There is a net decrease to about ~0.36±0.02 

µm at the edge of the sample after 10 turns and a similar grain size is evident at the mid-radius 

position after 20 turns.  

The evolution of the mean grain size corresponding to the AZ31 and Mg-0.6Gd regions is 

shown in Figure 8f as a function of the numbers of HPT turns. These curves indicate that the 

average grain sizes of both alloys decrease slowly near the centres of the discs and more rapidly 

near the mid-radius and edge positions due to the larger imposed strains. At higher numbers of 

HPT turns, the average grain size in the AZ31 region is slightly lower than in the Mg-0.6Gd 

region and the final values after 20 turns at the edges of the discs are ~0.30±0.02 and ~0.34±0.02 

µm, respectively.  

Figure 9 shows the fractions of separate grain boundary types for very low grain boundaries 

(VLAGBs) with misorientations of 2°< θ < 5°, LAGBs with 5°< θ < 15° and HAGBs with 

misorientations θ > 15° at the interfaces near the centre, mid-radius and edge of samples 

processed for (a) 1/4, (b) 1/2, (c) 5, (d) 10 and (e) 20 turns. In addition, the evolution of the 

HAGBs fraction of the AZ31 and Mg-0.6Gd regions is shown in Figure 9f as a function of the 

numbers of HPT turns. In general, the fractions of VLAGBs, LAGBs and HAGBs are similar 

through the distance from the centre of each disc. It is apparent that the fraction of VLAGBs 

decreases with increasing numbers of HPT turns up to 5 turns and then saturates at ~18 % 

whereas the fraction of HAGBs increases due to the occurrence of DRX and reaches a value of 

~75% after 20 turns. There are low fractions of LAGBs of the order of ~10% after any number 

of HPT turns. 

Figure 9f shows that the fraction of HAGBs increases with increasing numbers of HPT turns 

up to 5 turns for both alloys and then saturates at each position. In addition, the HAGBs fraction 
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for the Mg-0.6Gd region is higher at ~80% than for the AZ31 region at ~65% and this confirms 

the occurrence of a higher fraction of DRX in the Mg-0.6Gd alloy.  

 

Figure 9: Fraction of VLAGBs, LAGBs and HAGBs at the interface near the centre, mid-radius 

and edge of samples processed for 1/4, 1/2, 5, 10 and 20 turns, and (f) evolution of the HAGB 

fraction of the AZ31 and Mg-0.6Gd regions as a function of numbers of HPT turns. 

 

Noticeable microstructural features were extracted from the RD-IPF maps near the centres 

of the discs after (a) 1/2 turn and (b) 5 turns in Figure 10. In practice, the AZ31 and Mg-0.6Gd 

alloys exhibit different deformation features and mechanisms. As observed in Figure 10a, the 

GOS map shows that 28% of the Mg-0.6Gd grains are dynamically recrystallized and ultra-fine 

equiaxed grains are formed at the interface after εeq = 0.6 where this microstructural feature is 

readily visible within the marked oval in the RD-IPF map. Typical elongated deformed grains 

develop in the AZ31 region and the DRX is limited to only ~10% by comparison with the Mg-

0.6Gd region. A magnification of the area within the red frame in the AZ31 region after 1/2 

turn shows that these grains host different twin types.  
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Figure 10: (a) RD-IPF and GOS maps and misorientation profiles corresponding to the lines 

A-B, C-D and E-F in the red frame near the centre of the disc processed for 1/2 turn and (b) 

RD-IPF and GOS maps showing the occurrence of the SIBM mechanism in the AZ31 region 

in the centre of the disc processed for 5 turns. The black circle in the Mg-0.6Gd region of the 

sample processed for 1/2 turn indicates the formation of DRX grains along the interface. The 

magnified red frame in the AZ31 region after 1/2 turn shows the presence of different twin 

types. The black arrows in the red frame show the occurrence of the SGD mechanism. The blue 

arrows indicate the occurrence of the SIBM mechanism.  
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The misorientation profiles at the distances of AB, CD, and EF gives evidence for the 

presence of double twins 22°<11-20>, extension twins 86° <11-20> and contraction twins 

56°<11-20>, respectively. These twins contain LAGBs which suggest the possibility of the 

formation of new finer grains with further deformation. This mechanism corresponds to the 

traditional twin-induced dynamic recrystallization (TDRX) [54].  

There is also another DRX mechanism within the AZ31 grains in the same magnified RD-

IPF map where fine grains are formed within the deformed grain, as marked by black arrows, 

by the sub-grain development (SGD) mechanism [55]. In this mechanism, high densities of 

dislocations within the deformed grains lead to the development of sub-grains boundaries which 

transform to LAGBs and ultimately to new refined grains with HAGBs. In addition, the RD-

IPF and GOS maps of the AZ31 region in the centre of the disc processed for 5 turns, as shown 

in Figure 10b, reveals the formation of dynamically recrystallized grains marked with blue 

arrows along the grain boundaries and this indicates the occurrence of the strain-induced 

boundary migration (SIBM) mechanism [14].  

3.3.2. Texture evolution at the interfaces  

 The texture evolution at the interface near the centre, mid-radius and edge of the samples 

processed for 1/4, 1/2, 5, 10 and 20 turns is given in Figure 11 using recalculated {0002} pole 

figures. The positions of the ideal shear texture components in the {0002} pole figures projected 

in the SD-RD plane for materials with an HCP structure are shown for comparison in Figure 11 

and their description in the form of the Euler angles (1, Φ, 2) is given in Table 3.  

Table 3. Position of ideal shear texture components for HCP materials and alloys projected in 

the SD-RD planes [16]. 

Notation B-fiber P-fiber Y-fiber C1-fiber C2-fiber 

(1, Φ, 2) (0-60, 0, 0) (180, 0-90, 30) (180, 60, 0-60) (90, 60, 0-60) (270, 60, 0-60) 
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Figure 11: Recalculated {0002} pole figures at the interface near the centre, mid-radius and 

edge of samples processed for (a) 1/4, (b) 1/2, (c) 5, (d) 10 and (e) 20 turns. 
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It is apparent that the texture is heterogeneously distributed through the diameters of all 

of the examined discs. At the centres of the discs, a typical basal texture (B-fiber) is developed 

through 10 turns and then Y-fibers with B-fibers are formed in the centres of samples processed 

for 20 turns. At the mid-radius of the discs, the B-fiber rapidly transforms to B with Y-fibers 

after processing for 1/2 turn and then changes to a new fiber where the B-fiber deviates by about 

20° towards RD after 10 turns. Thereafter, it changes again to a C2-fiber through 20 turns. At 

the edges of the discs, the B and Y fibers are formed rapidly after processing for 1/4 turn and 

this changes to a deviated B-fiber after processing through 5 turns and thereafter gradually 

changes to a C2-fiber through 20 turns. Consequently, the texture formation evolves through 4 

stages as a function of the equivalent strain. These stages may be designated as stage 1 (0.3 < 

εeq < 6.5) with the presence of a basal texture; stage 2 (6.5 < εeq < 72) where a Y-fiber is formed 

with a B-fiber; stage 3 (129 < εeq < 259) where the Y-fiber disappears and the B-fiber deviates 

by about 20° towards RD; and stage 4 (259 < εeq < 517) where the C2-fiber develops.  

Figure 12 presents the separate texture evolution in the AZ31 and Mg-0.6Gd regions in 

terms of the recalculated {0002} pole figures through the 4 stages of texture evolution. It is 

important to note that the as-received AZ31 alloy exhibited a typical basal texture (B-fiber) as 

described in an earlier report [56] while the initial texture of the as-cast Mg-0.6Gd alloy was 

not measured since the alloy contained limited grain numbers and multiple coarse grains as 

shown in Figure 2. The texture of the AZ31 alloy changes significantly through these four stages 

similar to the behaviour of the texture around the interfaces as shown in Figure 11. The B-fiber 

changes to a B-fiber with Y-fiber during stages 1 and 2, the texture changes continuously 

through stage 3 and finally a C2-fiber with a weak C1-fiber develops in stage 4. By contrast, the 

basal texture formed in the Mg-0.6Gd alloy at stage 1 seems quite stable through the 4 stages 

except for a deviation from its ideal position.  
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Figure 12: Evolution of recalculated {0002} pole figures corresponding to the AZ31 and Mg-

0.6Gd regions in stages 1 (εeq = 0.6), 2 (εeq = 7.2), 3 (εeq = 144) and 4 (εeq = 287).  

 

3.4. Microhardness evolution after HPT processing 

Figure 13 shows the color-coded maps depicting the distributions of microhardness over 

the radial cross-sections of the HPT-processed hybrid system for 1/4, 1/2, 5, 10 and 20 turns. 

The initial microhardness values of the as-received AZ31 and Mg-0.6Gd alloys were ~72.5 and 



25 
 

~24.5 Hv, respectively. The evolution of microhardness as a function of numbers of HPT turns 

was reported earlier for AZ31 alloys to lie in the range of Hv  60–120 [4, 10]. There are no 

reports of the microhardness of the Mg-0.6Gd alloy after HPT processing but it is reasonable 

to anticipate the Hv range is probably close to ~30–50 as reported for an HPT-processed Mg-

0.4Dy (wt.%) alloy [7] and ~35–65 reported for a Mg-0.6Ce (wt.%) alloy processed by equal-

channel angular pressing (ECAP) [57].  

 

Figure 13: Color-coded microhardness maps of the hybrid AZ31/Mg-0.6Gd material processed 

by HPT for 1/4, 1/2, 5, 10 and 20 turns.  

 

It is readily apparent from Figure 13 that the values of the microhardness increase with 

increasing numbers of HPT turns. The interface between the AZ31 and Mg-0.6Gd alloys are 

reasonably flat along the disc diameters 1/4 and 1/2 turn but after 10 turns there is a 

heterogeneously distributed microhardness demonstrating a bending of the interface and the 

consequent formation of multilayers as observed in the SEM image. Thereafter, the 

microhardness distributions tend to saturate at values of ~40 and ~125 Hv for the Mg-0.6Gd 

and AZ31 alloys, respectively.  

The shifting of the bonding interfaces and the development of multilayers of the AZ31/Mg-

0.6Gd hybrid material can be easily highlighted by plotting the evolution of microhardness 
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along the diameter in the mid-thickness of the HPT-processed disc as shown in Figure 14. The 

average microhardness of the Mg-0.6Gd alloy increases from ~24.5 Hv in the as-received 

condition to ~54.5 Hv after 1/4 turn and then decreases and saturates at ~44.5 Hv after 5 turns. 

Up to 5 turns, the microhardness shows values above 80 Hv in various positions along the disc 

diameter and this is attributed to the AZ31 alloy. Hence, it appears that within the mid-thickness 

there are discrete AZ31 layers in which the microhardness of the AZ31 alloy evolves from the 

as-received condition of ~72.5 Hv to values close to ~125 Hv after 10 and 20 turns.  

 

Figure 14: Evolution of microhardness along the diameter in the mid-thickness of the 

AZ31/Mg-0.6Gd discs after HPT processing for 1/4, 1/2, 5, 10 and 20 turns. The continues and 

dashed black lines indicate the initial microhardness values of Mg-0.6Gd and AZ31 alloys, 

respectively. 

 

4. Discussion 

This report describes the first characterization of a dissimilar Mg-based hybrid material 

fabricated by HPT processing at RT using initial discs of two different Mg alloys where detailed 

microstructural observations of the AZ31/Mg-0.6Gd hybrid material provide confirmation that 

HPT processing is an effective technique for the bonding of Mg-based alloys. The mechanism 
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of the grain refinement and the nature of the texture development in the AZ31/Mg-0.6Gd hybrid 

material are now discussed.  

 

4.1. Grain refinement mechanisms 

Figure 15 shows (a) the evolution of the mean grain sizes and the HAGBs fractions at the 

interfaces, (b) the mean grain sizes, (c) the fractions of HAGBs in the separate AZ31 and Mg-

0.6Gd regions recorded from the EBSD measurements and (d) the microhardness values taken 

at the mid-thickness of the discs re-plotted as a function of the equivalent strain. The evolution 

of mean grain size and HAGBs at the interfaces and for the AZ31 region are readily separated 

into four separate stages which match the texture evolution described in section 3.3.2. In stage 

1 at 0.3 < εeq < 6.5 the grain size decreases and the fraction of HAGBs increases slowly, in stage 

2 at 6.5 < εeq < 72 the grain size and fraction of HAGBs are stable, in stage 3 at 72 < εeq < 259 

the grain size deceases and the fraction of HAGBs increases rapidly, and then in stage 4 at 259 

< εeq < 517 the grain size and the fraction of HAGBs appear reasonably stable based on the 

limited available data. Figure 15b shows that the mean grain size of the Mg-0.6Gd region was 

stable during the first and second stages and then decreases and stabilizes during the third and 

fourth stages, respectively. By contrast, the mean grain size of the AZ31 region was higher than 

for the Mg-0.6Gd region during the first stage, it was essentially equal to the Mg-0.6Gd region 

in stages 2 and 3 and then was slightly lower than for the Mg-0.6Gd alloy in stage 4. It is 

apparent from inspection of Figure 15c that the evolutions of the HAGBs fractions are generally 

similar for both the Mg-0.6Gd and AZ31 regions.  

The stabilization of a mean grain size and the evolution of microhardness in stages 1 and 2 

is evidence for a rapid softening with recovery behaviour in the Mg-0.6Gd alloy. Such 

behaviour was reported for a Mg-0.4Dy (wt.%) alloy during HPT processing [7]. The high 

microhardness values in stage 3 as in Figure 15d demonstrate the presence of the AZ31 alloy 



28 
 

in the mid-thickness of the disc in the form of multilayers which coincide with the decrease in 

the mean grain size in Figure 15b.  

 

Figure 15: Evolution of (a) mean grain size and HAGBs fraction at the interfaces, (b) mean 

grain size and (c) HAGBs fractions of the AZ31 and Mg-0.6Gd regions obtained from EBSD 

measurements and (d) microhardness values taken from the mid-thickness of the HPT-

processed discs as a function of the equivalent strain. Stage 1: 0.3 < εeq < 6.5, stage 2: 6.5 < εeq 

< 72, stage 3: 72 < εeq < 259, and stage 4: 259 < εeq < 517. 

 

This result demonstrates that the effective strain must be larger than predicted by eq. 1 

when the multilayers are developed which leads to extra grain refinement and texture 

modification in stages 3 and 4. Hence it is concluded that the occurrence of the first grain 

refinement in stages 1 and 2 (εeq ~0.3–72)  is due to the strain induced by HPT processing and 

the second grain refinement in stages 3 and 4 (εeq ~72–517) is due to the development of 
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multilayers as evident from the SEM images at the edge of the disc processed for 10 turns in 

Figure 4. 

It is interesting to note that the formation of multilayers is still not homogenously 

distributed through the cross section of the disc even after a high number of HPT turns like 20 

turns (εeq up to 517) as demonstrated by the non-homogenous distribution of microhardness 

shown in Figure 13. This observation indicates that more strain is probably needed for the 

fragmentation of AZ31 and Mg-0.6Gd alloys into thinner layers.  

The microstructural observations obtained from EBSD, SEM and TEM indicate that the 

AZ31 and Mg-0.6Gd alloys have different grain refinement mechanisms. Thus, the mean grain 

size of ~0.11±0.06 µm obtained by TEM and STEM observations of the AZ31 alloy after HPT 

processing for 20 turns is smaller than the mean grain size of ~0.4±0.03 µm for the Mg-0.6Gd 

alloy. It follows from Figure 15c that the second grain refinement in stage 3 is stronger in the 

AZ31 alloy and this difference may be associated with the role of the alloying elements in the 

two materials (Al and Zn versus Gd) and the initial conditions of both alloys. 

Figure 10 shows a clear example where the AZ31 and Mg-0.6Gd alloys behave 

differently at the interfaces during low strains. The TDRX and SGD mechanisms were detected 

in the AZ31 region after processing for εeq = 0.3. In addition, the SIBM mechanism was evident 

in the AZ31 region for a sample processed for εeq = 6 as shown in Figure 10b. Up to this strain, 

the microstructures of the AZ31 and Mg-0.6Gd regions were similar with the formation of 

equiaxed fine grains. However, even with the initial coarse grains of the Mg-0.6Gd alloy, it was 

not feasible to identify the grain refinement mechanisms near the interfaces since a homogenous 

ultrafine microstructure was rapidly developed at εeq = 0.3 as shown in Figure 7.  

Nevertheless, Figure 4 reveals that the microstructure of the Mg-0.6Gd alloy far from 

the interface contains a combination of both twins and shear bands. These shear bands are 

reasonably homogeneously distributed within the microstructure where this is known as a 
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characteristic of SPD Mg-RE alloys due to the effect of the RE elements and the easy activation 

of the <c + a> pyramidal slip system [58-60]. Consequently, it is concluded that the grain 

refinement mechanisms in the Mg-0.6Gd alloy is also controlled by twinning and slip 

deformation.  

It is important to note that the Mg-0.6Gd alloy was more sensitive to the formation of 

ultrafine grain at the interface than the AZ31 alloy. This difference is attributed to the initial 

grain sizes of both alloys. As shown in Figure 2, the AZ31 alloy exhibits a microstructure with 

very small grains compared to the coarser grains that are initially present in the Mg-0.6Gd alloy. 

This is consistent with a proposed model where there is a critical initial grain size that is 

sufficiently small to ensure a homogeneous microstructure during deformation processing [13].  

Although the grain refinement was rapid for the Mg-0.6Gd alloy near the interface, the 

AZ31 alloy exhibits an overall finer mean grain size after HPT processing as shown by TEM 

and STEM observations in Figures 5 and 6 and this is probably associated with the presence of 

second phase particles in the AZ31 alloy. Thus, the Mg17Al12 phase is present in the as-received 

alloy and this phase remains qualitatively present throughout the HPT processing. By contrast, 

HPT processing leads to a dissolution of the metastable phases present in the as-cast Mg-0.6Gd 

alloy and in this case the Mg17Al12 phase produces a strong pinning effect on grain boundary 

migration which delays the occurrence of DRX by suppressing the growth of the DRX grains.  

Except only for the presence of the Mg17Al12 phase in the AZ31 alloy and the dissolution 

of the metastable phases in the Mg-0.6Gd alloy, there is no evidence for the formation of any 

new second phases in the AZ31/Mg-0.6Gd hybrid during HPT processing. An absence of 

formation of any intermetallic phases was reported earlier in a Mg/Al composite fabricated by 

HPT processing at RT while an additional heat treatment at 573 K for 1 h led to the formation 

of Al3Mg2 and Al12Mg17 phases since, it was suggested, processing at RT hinders the nucleation 
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and growth of any second phase [61]. This suggests that it would be beneficial to investigate the 

microstructural evolution of the AZ31/Mg-0.6Gd hybrid material after a heat treatment.  

 

4.2. Texture evolution during HPT processing 

The basal texture (B-fiber) in HCP materials is often formed in the earlier stage of HPT 

processing and is maintained throughout the entire deformation processing [16]. The formation 

of the B-fiber causes a low formability of the material and hence it generally restricts the 

potential structural applications. The present results show that the texture evolution of the 

AZ31/Mg-0.6Gd hybrid material changes in Figure 11 as a function of equivalent strain and 

this provides an opportunity to design a new generation of Mg-based alloys having superior 

formability. This change in the texture evolution is connected directly with the change in grain 

refinement and deformation mechanisms [16] since the AZ31 and Mg-0.6Gd alloys undergo 

different grain refinement mechanisms and this affects the texture evolution of each alloy as 

shown in Figure 12.  

Inspection of Figure 12 shows that the texture of the AZ31 alloy changes through the four 

stages whereas the basal texture of the Mg-0.6Gd alloy is retained through these stages except 

only for the deviation from its ideal position. The deviation of the B-fiber and its saturation 

through HPT processing was reported earlier in Mg-RE binary alloys [7, 62]. In accordance 

with the microstructural evolution of the AZ31 alloy, and by comparison with the Mg-0.6Gd 

alloy, the formation of the Y-fiber in the AZ31 alloy may be due to the presence of twins in the 

AZ31 sample after processing for 1/2 and 5 turns, and this is especially associated with the 

contraction and extension twins which produce a rotation of about 56° and 86° of the initial 

basal texture, respectively. A similar texture of B and Y-fibers was reported for the AZ31 alloy 

after processing by HPT at RT for 1 and 5 turns [63] and it was also reported that the 

development of the C2-fiber is due to an activation of the pyramidal <c+a> slip system [64]. It 
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is reasonable to conclude that the extra strain introduced by the bending and development of 

multilayers in the hybrid material facilitates the activation of the pyramidal <c+a> slip system 

in the AZ31 alloy. Nevertheless, further investigations are now needed to more fully explore 

the effect of the resultant texture on the formability of this new AZ31/Mg-0.6Gd hybrid 

material. 

The present report demonstrates the possibility of joining dissimilar Mg-based alloys with 

HPT processing. Much research and investigation are now needed to explore the anisotropy of 

the mechanical properties across the disc and the thermal stability of the hybrid material. The 

results obtained will be useful for finding potential applications for this new hybrid material. 

 

5. Summary and conclusions 

• HPT processing at RT was successfully used to fabricate a dissimilar magnesium 

AZ31/Mg-0.6Gd hybrid material. 

• The fabricated hybrid alloy exhibited two stages of grain refinements. The first grain 

refinement occurred during εeq  0.3–72 due to the strain introduced by HPT processing 

and the second grain refinement was observed during εeq  72–517 due to the extra strain 

induced from bending and the development of multilayers.  

• The microstructure exhibited excellent grain refinement after 20 turns but the AZ31 

region gave a greater grain size reduction (~0.11 ±0.06 µm) than the Mg-0.6Gd region 

(~0.40±0.03 µm). 

• The grain refinement and DRX mechanisms in the AZ31 alloy were controlled by 

twinning, slip systems and the Mg17Al12 precipitates. The Mg-0.6Gd alloy showed rapid 

grain refinement but twinning and slip were the main mechanisms responsible for DRX. 

• The texture of the AZ31 alloy changed from B-fiber to Y-fiber and C2-fiber through 

HPT processing together with the formation of multilayers. The basal texture of the Mg-
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0.6Gd alloy was stable through the HPT processing except for a deviation from its ideal 

position. 
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