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Abstract 

Coarse-grained Mg in the as-cast condition and fine-grained Mg in the extruded condition 

were processed by high pressure torsion (HPT) at room temperature for up to 16 turns. 

Microstructure observation and texture analysis indicate that to fulfil the Von Mises 

criterion, the non-basal slip is activated in the as-cast Mg and tension twinning is 

activated in the as-extruded Mg. Although the deformation mechanism is different in the 

as-cast Mg and the as-extruded Mg during HPT, their hardening evolutions are similar, 

i.e. after 1/8 turn of HPT, microhardness of the as-cast Mg and the extruded Mg both 

show a significant increase and further HPT processing does not significantly further 

increase the microhardness. Texture strengthening can explain the rapid hardening. 

Hardness anisotropy and texture data results suggest that texture strengthening plays an 

important role for both types of samples. Texture strengthening weakens with decreasing 

grain size.  

 

Key words: High pressure torsion; Magnesium; Non-basal slip; Tension twinning; 

Texture strengthening; Hardness anisotropy 

 

1 Introduction  
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High pressure torsion (HPT) exhibits excellent ability of grain refinement in metals and 

alloys [1,2]. HPT differs from conventional torsion by imposing a large hydrostatic 

pressure of up to several GPa during processing. A large accumulated strain and grain 

refinement can be achieved through HPT since the hydrostatic pressure prevents crack 

initiation in the specimen during HPT process.  

 

 

 

 

 

 

 

 

 

 

Fig. 1 Effect of the equivalent strain of HPT on Vickers hardness of Al1050 and the pure 

Mg processed by half a turn of HPT. Data of Al1050 and the pure Mg are from Refs 19 

and 22, respectively. 

HPT processing significantly increases yield strength and hardness of nearly all metals 

and alloys. Microhardness of HPT processed metals are improved up to 100 % for pure 

Al [3,4], 130 % for pure Ti [5,6], 400 % for pure Fe [7] , 60 % for pure Cu [8], and also 

for a range of other metals strong hardening has been evidenced 

[9,10,11,12,13,14,15,16,17,18]. This is because the HPT process imposes a very large 

shear strain on the metal and a very large amount of dislocations and/or twins are 

generated in the metals, which further cause significant microstructure refinement. For 

most metals, the increase in dislocation density and refinement of microstructure cause 

the microhardness of HPT processed metals to increase with the equivalent strain of the 

HPT processing, eventually reaching a saturated value for equivalent strains in the order 

of 3 to 8 (see e.g. [5,8]). For instance, as shown in Fig. 1, microhardness of Al-1050 

processed by half a turn of HPT increases from 25 Hv in as-cast condition to 36 Hv at the 
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disk centre, the hardness increases with the equivalent strain [ 19 ], and eventually 

becomes saturated. Further processing causes drop of hardness due to recovery (not 

shown in Fig. 1, see Ref [19]). Many metals and alloys including Al and Mg processed 

by HPT, or other SPD techniques, follow a similar trend [20, 21,22]. However, for Mg, a 

relatively limited HPT deformation leads to steep increase of microhardness and further 

HPT processing does not remarkably increase its hardness further [22], see Fig. 1; 

microhardness of Mg processed by half a turn of HPT increases to 40 Hv from 29 Hv [22] 

at the disk centre where the equivalent strain is very limited, see Ref 22 for the completed 

dataset. 

A recently developed model incorporating volume-averaged thermally activated 

annihilation of defects (typically dislocations) in the grains and grain boundary formation 

[23], indicates that the hardening and grain refinement of Mg, Al and 15 other pure 

metals can be predicted well and it also indicates that defect recovery is stronger in Mg as 

compared to Al, Cu, Ag and a range of metals with higher melting temperatures. The 

latter can be the cause for saturation of hardening at lower strain as compared to Al. 

However, such a model [23] and other available models [24,25,26,27,28] can as yet not 

incorporate effects related to mixed defect types or starting and final texture. As will be 

shown in this work, all these factors play a role in HPT processed Mg alloys.  

 

The different dependency of microhardness of Mg on the equivalent strain during HPT 

may be caused by its hexagonally close packed (hcp) structure which provides only two 

independent slip systems (basal slip) which are easily activated at the room temperature 

[29, 30, 31]. To fulfil the Von Mises criterion [32, 33], twinning and/or non-basal slip 

may be activated, which directly lead to texture change, and further cause a steep 

hardness increase at the beginning of HPT deformation. To test this possible explanation, 

we examined microstructure, microhardness and texture evolution of Mg during HPT. 

The aim of the current study is to reveal the deformation mechanism of the Mg and 

clarify the reason behind the different hardness evolution between Mg and other metals 

processed by HPT. Investigation of grain structures of HPT processed metals using 

Electron Backscatter Diffraction (EBSD) and scanning electron microscopy (SEM) has 

been extensively reported in the literature. Here we will use optical microscopy, 
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transmission electron microscopy (TEM) and neutron diffraction which, as we will show, 

provide the essential information for analysis of hardening of the present pure Mg 

samples 

 

2 Experimental  

 

This work was carried out on commercially pure magnesium with purity of 99.8%. The 

pure Mg was received in the as-cast state and was subsequently extruded to a rectangular 

bar at a temperature of 350 C with extrusion ratio of 12:1. Disks of 9.8 mm in diameter 

were machined from the as-cast pure Mg and the extruded pure Mg with the circular 

surface parallel to the extrusion direction, see Fig. 2 (a). The disks were ground and 

polished to 0.85 mm thickness and subsequently processed by HPT for 1/8, 1/4, 1/2, 1, 2, 

4, 8 and 16 turns. All HPT processing was conducted at room temperature. During HPT a 

pressure of 6 GPa was imposed on the disks and the anvil was rotated at 1 rpm. The 

processed disks were subsequently cold mounted, ground and polished.  

 

The microstructures of the pure Mg in pre- and post-HPT conditions were observed by an 

Olympus D11 optical microscope (OM) and an FEI TECNAI G2 F30 transmission 

electron microscope. Preparation of the OM samples followed a well established 

procedure: they were mounted, ground, polished and etched by a water solution of 4 

vol% oxalic acid. OM images were taken on the large plane of the HPT samples, see Fig. 

2 (a). The TEM samples were punched from the HPT sample at a position 2.5 mm to 

centre, followed by grinding, polishing and ion milling. The hardness of samples was 

tested using a Vickers microhardness tester set at constant load of 50g held for 15 sec. 

Hardness was measured on the HPT sample from the centre to the edge. Distance 

between two indentations is 0.5 mm and one indentation is at each position. 

 

Texture of the as-cast Mg and the extruded Mg processed by various turns of HPT was 

measured by the neutron diffractometer STRESS-SPEC located at the Heinz Maier-

Leibnitz Centre (Garching, Germany). The samples for the texture measurement were 

two stacked slices with width of 2 mm from the centre of two identical processed disks. 
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The wavelength was 0.168 nm from a Ge (311) monochromator. The investigated gauge 

volume was 2×2× 1.6-1.7 mm
3
 controlled by a primary slit and a radial collimator in 

front of the 2D- area detector. 1.6-1.7 mm is the thickness of the two stacked disks. 

Thickness of HPT processed Mg is from 0.85 mm to 0.80 mm depending on the turn 

number. Pole figures at three positions of the slice, e.g. centre, middle and edge, were 

measured using the automatic robot system at STRESS-SPEC [34], as shown in Fig. 2 (b) 

together with the definition of the sample coordinate system.  

 

 

 

 

 

 

 

 

 

 

Fig. 2 Schematic illustration of (a) procedure of HPT sample preparation and (b) texture 

measurement positions on the HPT processed disk and corresponding directions. N 

direction is corresponding to the ED (extrusion direction of the extruding process). Two 

identical slices are stacked for texture measurement. 

 

3 Results 

3.1 Microhardness of HPT processed Mg 

 

Fig. 3 (a) shows microhardness of the as-cast Mg and the Mg processed by various 

numbers of HPT turns, with the microhardness values measured on the large plane of the 

disk-shaped sample , see Fig. 2 (a). The x-axis values represent distances to the disk 

centre. The straight solid line in Fig. 3 (a) represents the microhardness of the as-cast Mg, 

which is around 32 Hv.  Fig. 3 (a) shows that the microhardness of the as-cast Mg 

increases to 42-45 Hv after 1/8 turn to 16 turns of HPT. It is noted that 1/8 turn of HPT 
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increases microhardness of the as-cast Mg to about 42 Hv and increasing turns of HPT do 

not further increase its hardness, which is very different from most HPT processed FCC 

metals and alloys for which the microhardness generally increases with the equivalent 

strain until strain of 3 (see e.g. [5,8,19]). Furthermore, microhardness across the disk- 

shaped sample is not homogeneous and it does not show any dependency on the distance 

from the disk edge to the centre although different positions on the disk experience 

different deformation (shear strain is proportional to the distance [19]). 

 

Fig. 3 (b) shows microhardness of the as-extruded Mg and the as-extruded Mg processed 

by various turns of HPT. Definitions of axes, line and curves are exactly same as the Fig. 

3 (a). The microhardness is again measured on the large plane of the disk-shaped sample. 

Microhardness of the as-extruded Mg is around 38 Hv. The result in Fig. 3 (b) are very 

similar to the hardening behaviour of the as-cast Mg during HPT in that 1/8 turn of HPT 

raises the microhardness of the as-extruded Mg substantially (to about 50 Hv), the 

microhardness also shows some limited inhomogeneity on the disk and is almost 

independent of HPT turns number or the equivalent strain. 

 

 

 

 

 

 

 

 

 

 

Fig. 3 Dependency of Vickers hardness on the distance to centre of Mg disks processed 

by various turns of HPT. (in the figure, t stands for turn) (a) Pre-HPT disks are in as-cast 

condition; (b) Pre-HPT disks are in as-extruded condition 
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Fig. 4 Effect of the equivalent strain on microhardness of the as-cast Mg and the extruded 

Mg processed by various turns of HPT. The black squares represent disks processed by 

HPT from the as-cast condition; the red circles represent disks processed by HPT from 

the as-extruded condition. 

Fig. 4 shows microhardness of the as-cast Mg and the extruded Mg after the various HPT 

turns plotted against the equivalent strain at the position where the microhardness was 

measured. The equivalent strain,  at each position is here calculated through [19,35].  

h

N


2
        Eq 1 
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   Eq 2 

where  is the shear strain, N is the number of rotations, r is the distance from the centre 

of the sample, h is its thickness. For discussion and analysis of the validity of the latter 

equations, see e.g. [35, 36, 37, 38,39,40,41, 42, 43]. It is noted that the data at the 

equivalent strain very close to zero in Fig. 4 are obtained at the disk centre of the HPT 

processed as-cast Mg and extruded Mg and value of r is taken as half a diagonal of the 

Vickers indentation. For the as-cast Mg (black squares in Fig. 4), at equivalent strain very 

close to zero, a remarkable hardness increase and scatter is observed. This hardness does 

increase further on raising the equivalent strain, however, the hardness values tend to be 
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less scattered. The trends in data for extruded Mg are very similar to the as-cast Mg in 

terms of hardness evolution (red circles in Fig. 4), but the microhardness is higher. At 

equivalent strains from 1 to 3, a slight increase of hardness can be seen for the extruded 

Mg.  

3.2 Microstructure of HPT processed Mg 

Fig. 5 shows optical microstructure of the as-cast Mg (Fig. 5 (a)) and the extruded Mg 

(Fig. 5 (b)). The microstructure of the as-cast Mg is very coarse: only two triple junctions 

are in the viewing field and grain size is larger than 1 mm (Fig. 5 (a)). The microstructure 

of the extruded Mg is significantly refined. The line intercept grain size is about 50 m.  

 

 

 

 

 

 

 

 

 

Fig. 5 Optical microscope images of Mg in (a) the as-cast condition and (b) the extruded 

condition. 

Fig. 6 (a)-(d) shows optical microstructure of the as-cast Mg processed by 1/8, 1/4, 1/2 

and one turn of HPT, respectively. Images were taken at about 2.5 mm from the disk 

centre. The viewing field in Fig. 6 is within an original grain since microstructure of the 

as-cast Mg is very coarse and no new grains are observed to form in the original grain of 

as-cast Mg processed by HPT up to 1 turn. However, one can still observe contrast in Fig. 

6, which indicates that the original grain experiences deformation and the deformation is 

not homogeneous. No contrast is observed in the original grain before HPT, see Fig. 5 (a). 

The dark grey area in Fig. 6 experiences slightly heavier deformation and is easily etched 

whilst the light grey area is more homogenous and retains the original microstructure. 

 

(a) (b) 
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Fig. 6 Optical microscope images of the as-cast Mg processed by (a) 1/8; (b) 1/4: (c) 1/2; 

and (d) 1 turn of HPT 

 

Fig. 7 (a)-(d) shows optical microstructure of the extruded Mg processed by 1/8, 1/4, 1/2 

and one turn of HPT, respectively. Again, the images were taken about 2.5 mm from the 

disk centre. The original grain boundaries of the extruded Mg are well retained and the 

grain size does not change after HPT processing up to 1/2 turn (see Fig. 7 (a)-(c)). After 

one turn of HPT, some original boundaries start to become less distinct (see Fig. 7 (d)). 

Careful inspection of Fig. 7 reveals that different grains have different contrast and some 

grains contain a large amount of twins, which are not observed in the extruded Mg (see 

Fig. 5 (b)). 
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Fig. 7 Optical microscope images of the extruded Mg processed by (a) 1/8; (b) 1/4: (c) 

1/2; and (d) 1 turn of HPT. 

 

Fig. 8 (a) shows the microstructure of a disk-shaped sample of the extruded Mg 

processed by 1/8 turn of HPT, which contains 30 images from the left edge to the right 

edge of the sample. It seems the centre area is less grey than the edges. Enlarged images 

of the centre area and the edge area are shown in Fig. 8 (b) and Fig. 8 (c), respectively. 

The original grains are well retained at the centre and twins can be observed, with the 

density of twins increasing with the distance to the centre, i.e. with increasing (equivalent) 

strain. Close to the centre very few twins can be observed and grain boundaries are very 

clear (Fig. 8 (b)). In the area close to the edge, twins and grain boundaries of original 

grains are not resolved.  

 

(c) (d) 

(a) (b) 
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Fig. 8 Optical microscope images of the extruded Mg processed by 1/8 turn of HPT. (a) 

full image (b) enlarged image in the centre; (c) enlarged image in the area close to the 

edge. 

 

The microstructure of the extruded Mg processed by HPT for more than one turn can not 

be clearly resolved with OM, and is hence characterized by TEM. The TEM 

microstructure of the extruded Mg processed by one and eight turns of HPT at a position 

approximately 2.5 mm from the centre of the HPT sample is shown in Fig. 9 and Fig. 10, 

respectively. The microstructure of the extruded Mg processed by one turn of HPT is 

inhomogenous, with grain sizes ranging from 4 m (Fig. 9 (a)) to 0.5 m (Fig. 9 (b, c and 

d)). Many areas contain irregular fringes indicating highly anisotropic boundaries, which 

is typical for cold worked metals. The microstructure of the extruded Mg processed by 

eight turns of HPT is more homogenous, with grain sizes (mean linear intercept) around 

0.6 m (Fig. 10 (a - d)). Also in these samples many fringes are observed, see Fig. 10 (d). 
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Fig. 9 TEM microstructure of the extruded Mg processed by one turn of HPT. (a)- (d) 

were taken in the middle of the disk about 2.5 mm to the centre. 

 

3.3 Texture evolution 

 

There is no preferred orientation in as-cast coarse-grained Mg (see [44]). Texture of the 

as-cast Mg processed by 1/8, one and eight turns of HPT is presented in Fig. 11 using 

(10.0) and (00.2) pole figures, respectively. Pole figures are obtained in the three 

positions in the each sample (see Fig. 2). After 1/8 turn of HPT, the maximum intensity 

(00.2) pole figure of all three positions show two kinds of distributions of the basal planes, 

i.e. some are parallel to the RH plane (shear plane) and the others are oriented about 45° 

(a) (b) 

(c) (d) 

1 m 0.5 m 
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to the RH plane. After one turn of HPT, the basal planes of most grains are oriented 

parallel to the RH plane, which shows a typical torsion texture and is very similar to a Mg 

sample processed by free end torsion [45]. In addition, some grains with basal planes 

oriented about 45° to the RH plane are present at the middle position. After eight turns of 

HPT, all three positions show a basal fibre with its axis about 15° to the RH plane, even 

though the average shear strain experienced at the edge of the disk is three times that 

experienced at the midway position and 700 times at 0.5 mm from the centre. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10 TEM microstructure of the extruded Mg processed by eight turns of HPT. (a)- (d) 

were taken in the middle of the disk about 2.5 mm to the centre. 
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Fig. 11 Texture of the as-cast Mg processed by 1/8, one and eight turns of HPT. 

Definition of R, H and N is presented in Fig. 2 (contour levels = 1.0x, 2.0x, 3.0x…). 
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The extruded Mg possesses a typical extrusion texture (see Fig. 12) with the basal plane 

parallel to the extrusion direction. For the HPT of the extruded Mg, the N direction (see 

Fig. 13) is parallel to the ED direction (see Fig. 12). Fig. 13 shows the (00.2) and (10.0) 

pole figures of the as-extruded pure Mg processed by HPT for 1/8, one and eight turns, 

respectively. Definition of centre, middle and edge positions is the same as in Fig. 13 and 

Fig. 12. The (00.2) texture in Fig. 13 shows that after 1/8 turn of HPT the basal plane is 

about parallel to the shear direction, which is almost a 90º rotation compared with the 

original extruded texture. The directions of the (10.0) planes, which are perpendicular to 

the basal plane, are more random, but we can still observe that from 1/8 turn to one turn 

of HPT the (10.0) planes tend to gather along the normal direction of the sample, which is 

perpendicular to the shear direction. After eight turns of HPT, the texture changes to the 

typical torsion texture of Mg [45]. Similar to the as-cast Mg, the extruded Mg shows a 

stable texture after one turn of HPT. This is even though further processing involves very 

large shear strains. 

 

 

Fig. 12 Texture of the extruded Mg. Eextrusion direction is at the pole figure top, which 

is corresponding to the direction of N, see Fig. 2  (contour levels = 1.0x, 2.0x, 3.0x…). 
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Fig. 13 Texture of the extruded Mg processed by 1/8, one and eight turns of HPT. 

Definition of R, H and N is presented in Fig. 2 (contour levels = 1.0x, 2.0x, 3.0x…). 
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3.4 Hardness anisotropy 

For metals in which the number of slip systems is limited, such as Mg, texture can cause 

a hardness anisotropy and can contribute to strength [ 46 , 47 ]. The main factor 

determining this anisotropy is the basal slip which causes the slip systems to be limited to 

only two independent slip systems, which results in the (00.2) texture significantly 

influencing the strength and hardness of Mg in different orientations. Fig. 14 (a) shows 

the microhardness of the extruded Mg before HPT processing as measured on two planes: 

along and perpendicular to the extrusion direction. The microhardness of the extruded 

Mg with the loading direction along and perpendicular to the extrusion direction are 38 

Hv and 50 Hv, respectively. Fig. 14 (b) shows the microhardness of the extruded Mg 

processed by eight turns of HPT. Microhardness measured on the large plane of the disk-

shaped sample (loading direction perpendicular to the basal plane) is much larger than the 

microhardness of the sample measured on the cross section (loading direction parallel to 

the basal plane). The difference of microhardness measured in different directions on the 

same sample as shown in Fig. 14 (a) and (b) is due to compression loading of the 

hardness test parallel to the basal plane causing tensile stress along the c axis, which 

readily activates the tension twinning, leading to a lower hardness value, whilst hardness 

testing with load perpendicular to the basal plane restricts the basal slip and causes 

activation of the non-basal slip, leading to a higher hardness value. This will be discussed 

in detail in section 4.3. 
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Fig. 14 Effect of the direction of the basal plane on the microhardness. (a) the extruded 

Mg, (b) the extruded Mg processed by eight turns of HPT 
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4 Discussion 

4.1 Model predictions of average hardness 

 

In the current study, the as-cast Mg and the extruded Mg are processed by HPT at room 

temperature for various turns. Both Mg samples show a significant increase in hardness 

due to HPT, and the hardness achieved in HPT processed as-cast Mg (45 HV) represents 

an increase, HV, of 16 HV as compared to the hardness of pure annealed Mg (29 HV, 

for description of the model and associated parameters see [23])
1
. This measured HV of 

16 HV is in good agreement with the predicted value of 17 HV based on a model 

incorporating volume-averaged thermally activated annihilation of defect in the grains 

and grain boundary formation [23]. The averaged hardness on the two planes for extruded 

Mg processed by eight turns of HPT (47 HV) is also in good agreement with the model 

predictions, with the small difference between the two types of HPT processed samples 

possibly being due to a slightly finer grain size in the extruded Mg processed by HPT 

resulting from the finer pre HPT grain size.  

 

Thus the model based on volume-averaged thermally activated annihilation of defect in 

the grains and grain boundary formation can explain the hardening achieved in the 

present samples excellently [23]. To explain the details of defect formation in the present 

hcp metal, texture and hardness anisotropy, other factors need to be considered and this is 

discussed below. 

 

4.2 Deformation mechanisms of Mg during HPT 

 

To fulfil the Von Mises criterion [32,33], five independent slip systems are needed for an 

arbitrary plastic deformation in a polycrystalline aggregate. However, there are in total 

                                                 
1
 The model in Ref. [23] predicts the difference in hardness between maximum/saturated hardness of 

pure metals after HPT and a fully annealed pure metal (i.e. a pure metal very low density of defects 

such that no hardening due to defects occurs). The initial hardness of the present material (which is in 

as cast condition) is not part of the model and is hence not used in the assessment present in this 
paragraph. The model is formulated on the basis of volume averaged processes involving defects and 

does not take account of nor predict crystallographic texture, and hence hardness predictions are for 

hardness averaged over all indentation directions.   
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four independent slip systems in the basal, prismatic and pyramidal a slip systems. The 

fifth independent slip system could be the <c+a> slip, although the critically resolved 

shear stress (CRSS) of the <c+a> slip is very large. Alternatively, twinning can also be 

activated as “the fifth independent slip system”. The most often observed twin in Mg is 

{10.2} twin that is called tension twin [31] because it causes extension along c-axis when 

activated as Mg experiences tension stress along the c-axis. 

 

During plastic deformation of Mg, the slip system or twin to be activated depends on the 

CRSS for slip, activation stress for twin and the Schmid factor. In the present study, there 

are no twins observed in the as-cast Mg processed by HPT (see Fig. 6). This is because 

the as-cast Mg does not contain preferential textures and direction of the basal plane 

distributes randomly [44], so the Schmid factor does not favour the tension twining and 

twinning is suppressed. As a result the non-basal <c+a> slip is activated as the fifth slip 

system, which is consistent with the texture of the extruded Mg processed by various 

turns of HPT, see Fig. 11. The (00.2) pole figures of the extruded Mg processed by 1/8 

turn of HPT exhibits double textures, which indicates the non-basal <c+a> slip is 

activated along with the basal slip [48, 49 ].  

 

For the extruded Mg processed by HPT up to one turn, a very large density of twins are 

observed (see Fig. 7). This is because the basal plane is parallel to the extrusion direction 

and perpendicular to the shear direction of HPT (see Fig. 12), and hence the Schmid 

factor of the basal plane is zero and the Schmid factor of the {10.2} twining is about 0.5, 

very close to the maximum value. As a result, the tension twinning is activated at the very 

start of the HPT processing and the basal slip is not. The {10.2} tension twinning causes 

86.3° rotation of the basal plane [50], which is consistent with the texture measurement; 

see Fig. 12 and Fig. 13. The {00.2} planes of the extruded Mg, which are perpendicular 

to the shear direction as shown in Fig. 12, rotate almost 90° to the direction parallel to the 

shear direction after 1/8 turn of HPT (Fig. 13). During further HPT process, dislocation 

slip takes over the twinning as the dominant mechanism because of the basal plane 

rotation caused by the {10.2} twinning. This is also consistent with the microstructure 

observation, e.g. in Fig. 7, the dark grey area increases with increasing HPT turns.  
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The torsion deformation during HPT is driven by the static friction between the anvils 

and the Mg disk, which is achieved due to the very large pressure imposed on the disk. 

As a result, the Mg may be slightly compressed, for instance, the original sample and the 

sample after 1/8 turn of HPT are 0.85 mm and 0.83 mm thick, respectively. It is reported 

that compression vertical to the c axis may activate {10.2} tension twinning in AZ31 [51]. 

However, Fig. 8(b) shows that there are no twins near the centre of the extruded Mg after 

1/8 turn of HPT (see Fig. 8(b)) and twin density increases with the distance to the centre, 

whilst the compression strain at the sample centre and the edge is identical. Thus, in the 

present experiments, the twinning is not caused by compression but torsion.  

 

4.3 Anisotropic hardness and strength of Mg 

 

The strengthening mechanisms of metals are generally dislocation strengthening, 

precipitation strengthening, solid solution strengthening and grain boundary 

strengthening. The former three mechanisms take effect by obstructing dislocation 

motion in grains and the latter one impedes expansion of plastic deformation in the entire 

metal. For the pure Mg, only grain refinement and dislocation density need to be 

considered. However, as is illustrated by Fig. 14, also hardness anisotropy plays a role, 

and this is related to the texture. 

 

Microhardness of the as-cast Mg significantly increases within 1/8 turn of HPT 

processing. This cannot be explained by just dislocation hardening and grain size 

hardening, because the observed grain refinement is too limited to explain the level of 

hardening (see e.g. [23]) and dislocation density at this limited equivalent strain should 

be relatively low, especially for the centre area. It is thought that texture strengthening is 

an important factor in this early hardening during HPT, and particularly the basal texture 

changes should have an influence. The basal planes change from a randomly arrangement 

in the as-cast condition to an arrangement parallel to the shear direction, i.e. vertical to 

the loading direction of the microhardness tests (see Fig. 11). So the hardness of the as-

cast Mg can increase after just 1/8 turn of HPT due to texture strengthening.  
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The extruded Mg also shows remarkable increase of microhardness (see Fig. 3) after only 

1/8 turn of HPT because the basal plane rotated about 90° to parallel to the shear 

direction. Also for this sample, the hardness values show some scatter (see Fig. 4) at low 

equivalent strain due to the inhomogeneous microstructure and the non-uniform texture. 

As shown in Fig. 7 and Fig. 8, not every grain contains twins and some areas are light 

grey and others are dark. The scattered hardness converges at higher equivalent strain 

because the microstructure and texture tends to become more uniform (see Fig. 9, Fig. 10 

and Fig. 13).  

 

The hardening of the extruded Mg and the as-cast Mg processed by HPT differ from each 

other in both the maximum hardness reached as well as early saturation for the as-cast 

Mg processed by HPT (see Fig. 4). The strengthening model outlined in [23] (with grain 

size strengthening based on Hall-Petch type strengthening) predicts that the hardness of 

as-cast Mg (i.e. Mg with a very large starting grain size) processed by HPT saturates at 

44 HV (here the final grain size is predicted using the model in [23] which is consistent 

with data in [52]). The same model predicts that the hardness of a Mg sample processed 

by HPT with grain size further refined to 0.6 m (as seen in the TEM pictures for the as-

extruded sample processed by HPT Fig. 10) saturates at 51 HV. Both predictions are in 

excellent agreement with the measured hardness data in Fig. 4. Thus the hardening due to 

HPT is ascribed to dislocation strengthening and grain boundary strengthening [23] and 

the difference in saturated hardness is ascribed primarily to the grain size of the extruded 

Mg being finer than the as-cast Mg, which causes the grain size of former to be smaller 

than the latter after HPT processing. 

 

Texture strengthening/softening play a very important role in hcp metals and has been 

extensively studied, especially for titanium [53]. In Mg alloys, for instance, the AZ31 

alloy [46], the texture even takes the dominant position in strengthening contributions to 

the yield strength (see Ref [47,54] for more examples). Consequently, Mg samples with a 

strong texture can show significant hardness anisotropy, as was revealed for our samples 

in Fig. 14. To evaluate the influence of microstructure on hardness anisotropy and texture 
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strengthening, we consider the following treatment. The yield strength, y, of a 

polycrystal is generally given by: 

2/1 dkM HPcy                                       Eq 3 

where c is the critically resolved shear stress of the grain, M is a factor related to the 

number of slip systems to be activated and their orientations, kHP is a proportionality 

factor in the Hall-Petch type treatment of grain size dependency. In materials in which 

substantial slip systems are available, e.g. in fcc metals, M is often termed the Taylor 

factor. In many alloys the hardness is proportional to the yield strength i.e. HV = Cy . 

So in an isotropic material the following should hold: 

2/1 dkM
C

HV
HPc                                                     Eq 4 

In our samples, orientation of slip systems and their activation is anisotropic, which 

means M will be dependent on indentation direction, whilst for similar reasons also kHP is 

likely to be orientation dependent. We would thus find: 

2/1

2,1,21

21 )()( 


dkkMM
C

HVHV
oHPoHPcoo

oo                        Eq 5 

2/1


dkM
C

HV
HPc

an                                                          Eq 6 

 

Fig. 15 shows the hardness anisotropy in our samples as a function of d
-1/2

, with HVan 

representing the difference of microhardness measured on the same sample along the 

directions parallel and perpendicular to the basal plane. The data is for the as-cast Mg 

processed by 1/8 turn of HPT, the extruded Mg and the extruded Mg processed by eight 

turns of HPT (data taken from Fig. 3, Fig. 5, Fig. 10 and Fig. 14). The data in Fig. 15 is 

close to being on a straight line, which supports the above analysis. The abcissa with the 

vertical axis is at HVan = 14 HV, which, according to the latter equation, should equal 

CMc. As CMc should equal about 45HV, we find M /M = 0.3. This is not 

unreasonable seeing that M values for textured fcc metals can vary in similar magnitude. 

Extrapolation in Fig. 15 further suggest that HVan changes sign at about d=0.2m. This 

can be rationalised as follows. 
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Fig. 15 Dependency of hardness anisotropy on d
-1/2

. 

 

Texture strengthening of Mg is generally caused by deformation along the forming 

direction (rolling, extruding or shearing) which limits the basal slip and is beneficial to 

the activation of the non-basal slips, thus increasing the yield strength. In single crystal 

Mg [55], the CRSS of non-basal slip is two orders higher than the basal slip at the room 

temperature and there are very limited number of reports [56,57] in which non-basal slips 

were observed after deformation at room temperature. On the other hand, polycrystalline 

Mg shows a fairly good ductility at room temperature (elongation up to 20%) which 

indicates that non-basal slip is more easily activated than in a single crystal. The CRSS 

ratio between non-basal and basal slip decreases from 100 for a single crystal Mg to 1.1 

[58] (grain size 6.5 m) and 2.5 [59] (grain size 9 m) for a polycrystalline AZ31 at 

room temperature. Whilst the solutes in AZ31 may play a role, the low CRSS ratio of the 

polycrystalline Mg alloy at room temperature indicates that the easier activation of non-

basal slips is due to grain boundaries [58, 59, 60], and three effects can be considered. 

Firstly, large stress concentration caused by dislocation pile-ups at the grain boundaries 

benefits the non-basal slips. Secondly, compatibility stress, created near grain boundaries 

when dislocations move in different direction in the adjacent grains, forces the non-basal 

slips to activate. Third, grain boundaries may be potential sources of non-basal 
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dislocations. Thus, activation of non-basal slips become easier with decreasing grain size 

and texture strengthening effect is weakened. 

 

On the other hand, deformation perpendicular to the forming direction may also limit the 

basal slip but enable the tension twinning and correspondingly lead to a lower yield 

strength, which is sometimes called texture softening. Dependency of mechanical 

twinning and the grain size of Mg alloys is very different to fcc metals. For instance in Al 

alloys [61] mechanical twinning is more favoured than the dislocation slip because 

forming a perfect dislocation is less energetically economical than forming a partial 

dislocation to nuclear a twin when grain size is in nanometre scale [62]. Activation of 

twinning in Mg alloys becomes more difficult with decreasing grain size and slip may 

take over twinning as the dominant mechanism, for instance, at 150 
o
C, a grain size 

below 4 m suppresses the tension twinning of AZ31 [63,64]. The reasons for this are not 

very clear, one possible explanation is that twinning nucleates at grain boundaries where 

dislocations used to form twins are stored and numbers of twins formed is proportional to 

grain boundary area [63, 65, 66]. In this case, smaller grain size leads to a larger grain 

boundary area per unit volume and a larger twin density but a smaller twin number per 

grain. Therefore, a larger stress is required to make a fine-grained Mg yield than a coarse-

grained Mg, as a result, non-basal slip may be activated in the fine-grained Mg. 

 

In summary, the hardness anisotropy is caused by competition of activation of the non-

basal <a+c> slips and tension twinning to achieve strain along c axis during compression 

along or vertical to c axis. Our data (Fig. 15) and the above discussion indicates that the 

hardness anisotropy decreases with decreasing grain size which is due to grain boundaries 

promoting the non-basal <a+c> slip which restricts the tension twinning and further 

causes a weakening of texture strengthening/softening effects. Extrapolation in Fig. 15 

suggests that the hardness anisotropy disappears when grain size is about 0.2 m and 

below this grain size, the hardness anisotropy may be reverse. This critical grain size is 

thought to be related to the grain size at which the deformation mechanism changes from 

twinning to non-basal  <a+c> slips, i.e. below this critical grain size twinning will not be 

activated, and only non-basal <a+c> slips can be activated. The critical grain size of 0.2 
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m is broadly consistent with graphs in the work by Barnett and co-workers [62,64] 

which shows the grain size at which deformation mechanism changes from slip to 

twinning in AZ31 is 8 m to 15 m at 200
o
C, 4 m – 10 m at 150 

o
C, extrapolating to 

~0.4 m [62] at room temperature.  

 

5 Conclusions 

 

The coarse grained commercially pure Mg in the as-cast condition and the fine grained 

pure Mg in the as-extruded condition are processed by HPT at room temperature for 1/8, 

1/4, 1/2, 1, 2, 4, 8 and 16 turns. Conclusions are drawn as follows: 

 

(a) Microhardness of pure Mg processed by HPT reaches a near constant value after 1/8 

turn of HPT, further HPT deformation does not increase the microhardness. 

(b) The large density of twins observed in the extruded Mg processed by HPT at room 

temperature up to 1 turn is due to the torsion, i.e. the shear stress during HPT 

perpendicular to the basal plane activates a tension twin. 

(c) Texture of the basal plane parallel to the shear stress of the HPT is developed within 

1/8 turn of HPT. It is due to the activation of non-basal slip for the as-cast Mg sample 

and tension twinning for the extruded Mg sample. 

(d)  The maximum hardening due to HPT can be represented well by a model 

incorporating volume-averaged thermally activated annihilation of defects in the 

grains and grain boundary formation [23]. 

(e) Hardness anisotropy is present in the samples which have been thermo-mechanically 

processed, i.e. the extruded and the HPT processed samples. The hardness anisotropy 

decreases with decreasing grain size. The grain size dependency is consistent with 

basic hardening theory incorporating an orientation dependent M factor (equivalent to 

the Taylor factor) and a d
-1/2

 dependency in line with the Hall-Petch type grain size 

hardening. 
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