
Materials Science & Engineering A 799 (2021) 140158

Available online 5 September 2020
0921-5093/© 2020 Elsevier B.V. All rights reserved.

Influence of high-pressure torsion on microstructure, hardness and shear 
strength of AM60 magnesium alloy 

A.A. Khaleghi a, F. Akbaripanah a,*, M. Sabbaghian b, K. Máthis c,d, P. Minárik c, J. Veselý c, 
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f Department of Materials Physics, Eötvös Loránd University, Budapest, P.O.B.32, H1518, Hungary   

A R T I C L E  I N F O   

Keywords: 
Magnesium alloys 
High-pressure torsion 
AM60 
Shear punch test 
Texture 
Hardness 

A B S T R A C T   

The evolution of the microstructure, crystallographic texture and hardness of an AM60 magnesium alloy was 
studied in the center and the edge parts of disks processed by high-pressure torsion (HPT) technique at room 
temperature. In addition, the mechanical properties were also tested by shear punch test (SPT). The number of 
HPT turns varied between ½ and 10. It was found that the grain size of the initial extruded material (~16 μm) 
decreased to ~2 and ~0.8 μm at the disk center and edge, respectively, even after ½ turn of HPT. Ten turns of 
HPT resulted in further grain refinement to ~1 and ~0.23 μm at the disk center and edge, respectively. The 
dislocation density saturated even after ½ turn with the value of ~11 × 1014 m− 2. The maximum value of the 
hardness was ~1300 MPa that was measured at the edge of the disk deformed for ½ turn. Despite the practically 
unchanged grain size and dislocation density, the hardness decreased between 3 and 10 turns which can be 
explained by texture softening. A good agreement was observed between the yield strength estimated as one- 
third of the hardness and the values calculated from the dislocation density, grain size and texture. The differ-
ence between the microstructure and hardness obtained for AM60 samples processed by HPT and equal channel 
angular pressing (ECAP) is discussed.   

1. Introduction 

Magnesium alloys are frequently used in special applications, e.g., in 
automobile industry due to their low density and high specific strength. 
The mechanical strength of Mg alloys can be improved by severe plastic 
deformation (SPD) since this method introduces a large density of dis-
locations and also results in a grain refinement [1]. Among SPD 
methods, equal channel angular pressing (ECAP) [2,3], high-pressure 
torsion (HPT) [1,4–8] and multi-directional forging (MDF) [9] are the 
most commonly used procedures. 

The microstructural refinement caused by SPD is quite beneficial for 
improving the mechanical properties of magnesium alloys [2,10,11]. 
Many previous studies observed remarkable grain refinement in 
SPD-processed magnesium alloys [1,2,12]. For example, a grain size 
reduction into the range of a few microns was observed in several 

magnesium alloys processed by ECAP [2,10,11]. Mabuchi et al. [13] 
performed ECAP on an extruded AZ91 magnesium alloy at 448 K with a 
total imposed strain of ~6.3. The results showed that the grain size was 
reduced to a very small value of ~0.5 μm. An exceptional grain refine-
ment has been observed in AZ91 magnesium alloy processed by HPT at 
296 K [14]. After 10 turns of HPT, a very fine-grained microstructure 
with an average grain size of ~35 nm was formed. It has been concluded 
that the grain size in magnesium alloys decreased gradually with 
increasing the degree of deformation until reaching a critical minimum 
grain size [12,15]. With further increasing the strain, the average grain 
size remained practically unchanged. Early studies reported that the 
processing temperature and the strain rate have also a significant effect 
on the fine-grained microstructures in Mg alloys processed by SPD 
techniques [2,16,17]. 

The evolution of the dislocation density in some Mg alloys processed 
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by ECAP and MDF techniques was investigated in several previous 
studies [12,18,19]. It was observed that the dislocation density 
increased with the imposed strain until reaching a maximum value. 
After the achievement of this maximum, the dislocation density 
dramatically decreased due to dynamic recovery and recrystallization 
during further SPD-processing. It was also found that the maximum 
value of the dislocation density and the minimum grain size strongly 
depended not only on the type of Mg alloy but also on the applied 
method of SPD [20]. 

The alloying element content in Mg has an effect on the minimum 
grain size achievable by SPD, thereby influencing the mechanical 
properties of the as-processed alloy. In Mg alloys containing a high 
fraction of aluminum (>3 wt%), usually a secondary Al12Mg17 phase 
forms [12,21–23]. Then, the precipitates of this phase can hinder the 
motion of grain boundaries, leading to a smaller grain size in the 
SPD-processed Mg alloys [12,22,24]. Accordingly, the volume fraction 
of Al12Mg17 particles significantly influences the mechanical properties 
of the fine-grained Mg alloys processed by SPD [22]. For example, a 
recent study [22] on ultrafine-grained AZ31, AZ61 and AZ91 Mg alloys 
showed that AZ91 exhibits the highest tensile strength of ~370 MPa 
among the studied alloys which observation was attributed to the 
highest fraction of Al12Mg17 [23,25]. 

The crystallographic texture developed during SPD has a consider-
able effect on the mechanical properties of Mg alloys [9,26,27]. Usually, 
strong texture forms in Mg alloys during plastic deformation which 
depends on the way of SPD. In addition, the texture of the initial ma-
terial also influences the microstructure, the texture and the mechanical 
properties of SPD-processed Mg alloys. It was documented that con-
ventional rolling usually leads to a strong texture, resulting in a limited 
deformability during further rolling [17,28]. Textural investigations on 
MDF-processed AM60 alloy revealed that not only the texture intensity 
increased but also the type of texture changed during deformation [9]. 

AM60 is one of the most frequently used Mg alloys in practical ap-
plications. Akbaripanah et al. investigated the structural changes and 
the mechanical properties of this alloy after ECAP processing at 493 K 
[27,29]. A significant grain refinement from ~19.2 μm to ~2.3 μm was 
observed in the sample processed by ECAP up to 6 passes. Although the 
grain size decreased with increasing number of passes, the maximum 
strength of the ECAP-processed material has already been achieved after 
the second pass of ECAP. Additional increase of the ECAP passes from 2 
to 6 led to a reduction in both the yield strength and the ultimate tensile 
strength, most probably due to the texture softening effect. A large 
improvement in the fatigue lifetime was also observed only after the 
second pass of ECAP. On the other hand, the sample processed for 6 
passes of ECAP exhibited higher ductility and lower yield strength 
compared to the initial extruded specimen. In another study, Heczel 
et al. [12] studied the mechanical properties of AM60 alloy processed by 
ECAP and MDF at 493 K. For both SPD processes, the grain size was 
refined ~3 μm even after two passes. Further grain refinement was not 
observed with increasing the number of MDF passes. At the same time, a 
slight reduction in the grain size to ~2 μm was detected after 6 passes of 
ECAP processing. The dislocation density significantly increased 
reaching maximum values of ~5.6 × 1014 m− 2 and ~1.8 × 1014 m− 2 

after 2 passes of ECAP and MDF, respectively. Between 2 and 4 passes of 
ECAP, the dislocation density remarkably decreased to ~0.7 × 1014 

m− 2. Between 4 and 6 passes, the same values of the dislocation density 
were determined for the samples processed by both ECAP and MDF. In 
addition to the difference in the grain size observed after 6 passes of 
MDF and ECAP, the amount of Al12Mg17 precipitates was higher in the 
ECAP-processed specimen. The above-mentioned researches have 
demonstrated the high potential of SPD for grain refinement and 
improving the mechanical properties of AM60 alloy. At the same time, to 
the knowledge of the authors the influence of HPT processing on the 
microstructure and the mechanical properties of this alloy has not been 
investigated in the literature yet. 

In this paper, the evolution of the microstructure, texture and 

mechanical properties of an AM60 alloy processed by HPT at RT is 
investigated. The mechanical properties are studied by hardness mea-
surement and shear punch test (SPT). SPT enables the investigation of 
the mechanical behavior of samples with limited size such as the HPT 
processed disks [30,31]. The experimentally measured strength is 
compared with the values calculated from the parameters of the 
microstructure. Moreover, the grain size, the dislocation density and the 
hardness obtained on the HPT-processed AM60 alloy are compared with 
the values determined previously for the same alloy processed by ECAP. 

2. Materials and methods 

2.1. Processing of materials 

The material used in the present study was a Mg - 6 wt% Al - 0.35 wt 
% Mn (AM60) alloy. First, the constituent pure metals were melted in a 
graphite crucible in an electric furnace, and a layer of Foseco Magrex 36 
covering flux was used in order to prevent oxidation. The casting 
method used for this alloy was a tilt-casting where the mold was pre-
heated to 200 ◦C. The initial as-cast AM60 samples were obtained in 
cylindrical form with a diameter of 44 mm which were then used to 
create cubical samples with dimensions of 14 mm × 14 mm by extrusion 
at 380 ◦C [29]. Then, the wire cutting process was used to produce disk 
samples with a diameter of 10 mm and a thickness of 0.95 mm from the 
extruded billets. Before HPT processing, disks were prepared in several 
steps using sanding and polishing until reaching the final thickness of 
0.85 mm. The samples were then placed between two anvils with a 
diameter of 10 mm and a depth of 0.25 mm for HPT processing [4]. The 
HPT deformation was carried out at a pressure of 6 GPa and a rotational 
speed of 1 rpm for ½, 1, 3 and 10 turns at room temperature (RT). No 
visible damage or cracks were observed on the surface of the samples 
after HPT processing. 

2.2. Characterization of the microstructure 

The microstructure of the HPT processed samples were studied by 
scanning and transmission electron microscopy techniques (SEM and 
TEM). SEM ZEISS Auriga Compact equipped with an EDAX electron 
backscatter diffraction (EBSD) camera was used for the characterization 
of the influence of HPT processing on the microstructure in the center of 
the specimens. For the EBSD investigations, the disks were mechanically 
polished. The polishing was finalized by using a diamond paste with a 
particle size of 1 μm. Additional ion-polishing was applied using a Leica 
EM RES102 system prior to the EBSD measurement. The step size of the 
EBSD scan was 100 nm. Owing to the severely deformed microstructure, 
the edge parts of the HPT disks were analyzed by Automated Crystal 
Orientation Mapping TEM (ACOM -TEM). Lamellae oriented perpen-
dicular to the surface of the disks were cut by a focused ion beam (FIB) 
technique. The ACOM-TEM was performed by a JEOL FX200 micro-
scope. The step size was 10 nm. Both the raw EBSD and ACOM-TEM data 
were analyzed using TSL OIM 7.3 software made by EDAX. The normal 
vector of the ACOM-TEM lamellae was perpendicular to the surface 
normal of the HPT disk. Since the crystal orientations were intended to 
study parallel to the disk surface normal, the crystallographic directions 
of the grains were rotated by 90◦ in the ACOM-TEM images. Only points 
having confidence index (CI) > 0.1 were taken into account in the 
analysis. The grains were defined as the areas bounded by boundaries 
with the misorientations higher than 15◦. Texture measurements were 
performed in both the center and the edge of the HPT disks using inverse 
pole figures obtained by EBSD and ACOM-TEM, respectively. 

The dislocation density and the area-weighted mean diffraction 
domain size were determined by X-ray line profile analysis (XLPA) [32]. 
The X-ray diffraction (XRD) patterns were measured in the center and 
the edge of the HPT-processed disks by a rotating anode diffractometer 
(type: MultiMax-9, manufacturer: Rigaku, Japan) using CuKα1 radiation 
(wavelength: 0.15406 nm). The beam size had a rectangular shape with 
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the dimensions of 0.2 mm × 2 mm. The diffractograms were recorded on 
imaging plates. The patterns were evaluated by the Convolutional 
Multiple Whole Profile (CMWP) fitting software [33]. This method is 
described briefly in the next paragraph. 

In the CMWP fitting procedure, the experimentally determined XRD 
pattern is fitted by a theoretical diffractogram which is the sum of a 
background spline and the calculated diffraction peaks. For the calcu-
lation of the theoretical peak profiles, it was assumed that the peak 
broadening is caused by the finite size of crystallites (or diffraction do-
mains) and the lattice distortion due to dislocations. Therefore, each 
calculated diffraction peak profile was obtained as the convolution of 
the ʺsize profileʺ and the ʺdistortion profileʺ. In order to accelerate the 
fitting in the CMWP procedure, instead of the convolution of the 
different profile components, the intensity profile for each peak was 
calculated as the inverse Fourier transformation of the product of the 
Fourier transforms of the theoretical size and distortion profiles. In the 
case of size broadening, the Fourier transform of the profiles (AS) is 
given in analytical form as [32]: 

AS(L) = 1
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(1)  

where m and σ are the median and the variance of the assumed log- 
normal size distribution of the diffraction domains, respectively, L is 
the Fourier variable and erfc is the complementary error function given 
as: 

erfc(x)=
2̅
̅̅
π

√

∫∞

x

exp
(
− t2) dt. (2) 

The Fourier transform of the distortion peak profile (AD) can be 
approximated by the following formula [32]: 

AD(g, L)= exp
(
− 2π2L2g2〈ε2

g,L〉
)
, (3)  

where g is the length of the hkl diffraction vector (g = 2 sin Θ
λ where Θ is 

the Bragg-angle of the diffraction peak and λ is the wavelength of X-rays) 
and 〈ε2

g,L〉 is the mean-square strain normal to (hkl) lattice planes which 
depends on both g and L. For dislocations, the mean-square strain can be 
given as: 

〈ε2
g,L〉=

b2

4π ρ C f *
(

L
Re

)

, (4)  

where ρ and b are the dislocation density and the magnitude of the 
Burgers vector, respectively, C is the contrast factor of dislocations and 
Re is the effective outer cut-off radius of dislocations with length 

dimension. The function f*
(

L
Re

)

is given in Ref. [32]. Further details of 

the CMWP method can be found in [33]. 

2.3. Hardness testing 

The hardness distribution along the diameter of the HPT-processed 
disks was determined by a Zwick Roell Zhμ microhardness tester at RT 
using a Vickers indenter. The load applied for hardness measurement 
was 500 g while the dwell time was 10 s. In addition, the distribution of 
the microhardness on the whole surface of the disks was studied by an 
automatic Vickers microhardness tester Qness Q10a. In order to achieve 
a fine resolution in the hardness map, the load was reduced to 100 g. The 
dwell time was 10 s. A mesh having 540 measurement points was 
defined in advance for determining the hardness maps of the specimens. 

The probe points were arranged into concentric circles. The radius of 
these circles increased with a step size of 0.4 mm. The spacing between 
the neighboring points along the arc for each circle was 0.4 mm. After 
the hardness test, the Cartesian coordinates of the measurement points 
were converted into polar coordinates. Then, a polar contour plot was 
drawn using Origin ® software, where the “intensity bar” indicates the 
hardness values. The Thin Plate Spline algorithm was used for the 
interpolation between the probed points in order to obtain a smooth 
contour plot. 

2.4. Shear punch test 

SPT test was performed in the center part of the disk at RT and a 
shear strain rate of 1.77 × 10− 2 s− 1 with a punch diameter of 2.98 mm. 
In order to increase the accuracy, each test was repeated at least three 
times. The details of the SPT procedure can be found in Ref. [34]. The 
shear stress can be calculated from the punch force F using the following 
equation [35]: 

τ= F
πdt

, (5)  

where d is the punch diameter and t is the sample thickness. Using eq. 
(5), the shear stress was plotted as a function of the normalized 
displacement (δ). The value of the normalized displacement was 
calculated as δ = h

t where h is the displacement of the punch during SPT. 

3. Experimental results 

3.1. Evolution of the microstructure during HPT-processing 

The phase composition in the center and the edge of the HPT- 
processed disks was determined from the XRD patterns measured by 
the rotating anode diffractometer. As an example, Fig. 1 shows the dif-
fractogram taken on the center of the disk processed by 1 turn of HPT. In 
addition to the Mg matrix, the peaks of Al12Mg17 secondary phase were 
also detected. The amount of this phase is characterized by the intensity 
fraction of its XRD peaks. The intensity fraction was determined as the 
ratio of the sum of the areas under the Al12Mg17 peaks and the sum of the 
areas under all peaks appeared on the diffractogram taken in the 
diffraction angle range between 30 and 150◦. These areas were deter-
mined after background subtraction. It is noted that the XRD intensity 
fraction is not equivalent to the volume fraction of the investigated 
phases as the unit volumes of the crystalline phases with different 
structures and chemical compositions usually scatter X-rays with 
different intensities. Nevertheless, the change of the fraction of pre-
cipitates during HPT-processing can be monitored using this quantity. 
The intensity fractions of the Al12Mg17 phase determined for the center 
and the edge parts of the HPT disks are listed in Table 1. In the center of 

Fig. 1. The XRD pattern taken in the center of the disk processed for 1 turn 
of HPT. 
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the disk processed for ½ turn, the intensity fraction of the secondary 
phase was ~0.8% which increased to ~1.5% at the edge of this sample. 
For 1 turn, the fraction of the Al12Mg17 phase saturated at a value of 2.0 
± 0.3% in both the center and the edge of the disk which practically 
remained unchanged for higher numbers of turns if we take the errors of 
the intensity fraction values into consideration. 

The present study revealed that HPT-processing yielded precipita-
tion of Al12Mg17 phase which indicated that the alloying element (i.e., 
Al) concentration in the initial, hot extruded Mg material was higher 
than the equilibrium solubility limit at RT. The precipitation was pro-
moted by the fast diffusion along dislocations and grain boundaries 
formed during HPT. Therefore, the secondary phase fraction increased 
with increasing the imposed strain and then saturated. Thus, for low 
number of HPT turn (N = ½) the Al12Mg17 phase fraction in the center 
part was lower than that at the edge due to the different imposed strains. 
For higher numbers of turns, the strain was enough even in the center 
part to achieve the saturation fraction of precipitates. Therefore, sig-
nificant difference between the fractions measured in the center and the 
edge parts was not observed. It should be noted that due to the 2 mm 
height of the XRD beam, the Al12Mg17 phase fraction obtained nomi-
nally for the center part must be considered as the average for a region in 
which the distance from the disk center varies between zero and 1 mm. 

The initial extruded AM60 alloy had a uniform and equiaxed grain 
structure with an area-weighted mean grain size of ~16 μm as shown in 
Ref. [20]. The grain orientation maps obtained for the center and the 
edge of the HPT-processed disks by EBSD and ACOM-TEM, respectively, 
are shown in Figs. 2 and 3, respectively. The area-weighted average 
grain sizes determined from the images are listed in Table 2. For ½ turn, 
the grain size values in the center and the edge of the disk were ~2 and 
~0.8 μm, respectively. In the center area, the grain size decreased to 
~1.7 μm when the number of turns increased to one while at the edge 
the average grain size was reduced to ~0.31 μm. Further increase in the 
number of turns resulted in additional grain refinement in the center 
while at the disk edge only marginal changes were observed. After 10 
turns, the grain sizes in the disk center and edge were ~1 and ~0.23 μm, 
respectively, i.e., homogeneous grain structure along the disk diameter 
was not achieved. 

The high-angle grain boundary (HAGB) fractions for the center and 
the edge parts of the HPT-processed disks are listed in Table 2. The 
HAGBs were defined as the boundaries with the misorientations higher 
than 15◦. The lower bound of misorientation for low-angle grain 
boundaries (LAGBs) was 2◦. The fraction of HAGBs was as high as 47% 
even in the center of the disk processed only by ½ turn. Small differences 
were observed between the HAGB fractions determined in the center 
and the edge parts of the disks for all numbers of turns. Moreover, a 
decrease in the HAGB fraction was detected in the center with increasing 
the number of turns from 1/2 to 1. The highest value of 47% was ach-
ieved for the center of the disk processed by 1/2 turn of HPT (see 
Table 2). 

The texture evolution in the disk center during HPT-processing is 
illustrated by the inverse pole figures (IPFs) shown in Fig. 4. Similar 
images are presented for the edge parts of the disks in Fig. 5. These IPFs 

in Figs. 4 and 5 were created from the EBSD and ACOM-TEM images, 
respectively, using the OIM software (see section 2). A former study 
showed that for the initial extruded sample in the main texture 
component the crystallographic direction 1010 was parallel to the disk 
surface normal and the normal vector of the basal plane (crystallo-
graphic direction 0001) was lying in the disk plane [20]. In the center of 
the disk processed for ½ turn, where the strain is the lowest among the 
studied samples and locations, a remaining 1010 texture component can 
be seen. A similar texture was detected in ZK60 Mg alloy after ½ turn of 
HPT [8]. At the same time, for a considerable fraction of crystallites, the 
crystallographic orientation differs from 1010 (see Fig. 4a). With 
increasing the number of turns to one, the 1010 texture disappeared, and 
instead a 0001 texture formed, i.e., the basal planes are aligned parallel 
to the disk surface in both the center and the edge after 1 turn of HPT 
(see Figs. 4b and 5b). This basal texture has been already observed in 
rolled and HPT-processed magnesium alloys [36,37], and it also 
appeared in Mg samples processed by rotational deformation routes 
such as friction stir processing [38]. For 3 and 10 revolutions, the 0001 
texture gradually disappeared with increasing the number of turns. 

The analysis of the XRD peak profiles provided the diffraction 
domain size and the dislocation density. First, the diffraction line 
breadth was investigated using the Williamson-Hall method [32]. In this 
procedure, the full width at half maximum (FWHM) of the peaks in the 
reciprocal space was plotted as a function of the magnitude of the 
diffraction vector (g). The FWHM and g values were determined as 
cosθ⋅Δ(2θ)/λ and 2sinθ/λ where θ is the Bragg angle, Δ(2θ) is the peak 
breadth in radians and λ is the wavelength of X-rays in nm unit. Fig. 6 
shows the Williamson-Hall plots in both the center and the edge of the 
HPT disks for all numbers of turns. Considerable difference between the 
peak breadths of the different samples was not observed, suggesting that 
the microstructural parameters obtained from XLPA may differ only 
marginally. Indeed, the area-weighted mean diffraction domain size was 
found to be 60 ± 10 nm while the dislocation density was obtained as 
(11 ± 2) × 1014 m− 2 using the CMWP fitting method, irrespectively of 
the number of turns and the location along the disk radius. As an 
example, Fig. 7 illustrates the fitting on the XRD pattern taken for the 
edge part of the disk processed by 3 turns of HPT. 

3.2. Mechanical properties of the AM60 alloy deformed by HPT 

The hardness distributions along the disk diameter for the different 
numbers of HPT turns are plotted in Fig. 8a. It should be noticed that the 
hardness of the initial extruded sample was ~650 MPa [12]. This value 
increased to ~980 MPa in the center of the disk processed for ½ turn. 
The error of the hardness values was about ±40 MPa. With increasing 
the distance from the disk center, the hardness increased and its value 
reached ~1300 MPa at the edge of the sample deformed for ½ turn. 
Further increase in the number of turns resulted only in moderate 
changes in the hardness distribution. In the disk center, the hardness 
increased to 1050–1100 MPa for 1–10 turns while at the edge its value 
slightly decreased to ~1100 MPa when the number of turns was 
enhanced to ten. It is worth noting that the hardness distribution curve 
for 1 turn appears slightly asymmetric about the disk center, however 
the hardness values measured at the same distance from the center of the 
disk is only 70 MPa which is within the experimental error range (±40 
MPa). 

Fig. 8a reveals a hardness enhancement with increasing the distance 
from the disk center which may be caused by the higher imposed strain. 
If only the torsional deformation is considered during HPT, the equiv-
alent strain can be expressed as: 

εeq =
2πNr
h

̅̅̅
3

√ , (6)  

where N is the number of turns, r is the distance from the center and h is 
the disk thickness. Fig. 8b shows the hardness as a function of the 

Table 1 
The intensity fraction of Al12Mg17 secondary phase as obtained by XRD for the 
center and the edge of AM60 alloy disk after different numbers of HPT turns.  

Number of HPT turns and location along the 
disk radius 

Intensity fraction of Mg17Al12 [%] 

1/2 center 0.8 ± 0.2 
edge 1.5 ± 0.2 

1 center 2.2 ± 0.3 
edge 2.1 ± 0.2 

3 center 2.3 ± 0.4 
edge 2.1 ± 0.2 

10 center 1.7 ± 0.2 
edge 1.7 ± 0.2  
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equivalent strain for all the four numbers of turns. It can be seen that 
although the hardness monotonously increases with increasing the 
equivalent strain for each turn as expected, the data obtained for the 
different turns do not coincide. This means that the equivalent strain 
solely cannot describe the evolution of the hardness. Nevertheless, it is 
clear from Fig. 8b that the majority of the hardness increment took place 
up to the equivalent strain of about 20. Further increase in strain caused 
only a slight additional hardening for all numbers of turns. These types 
of microhardness evolution have been previously reported for various 
Mg alloys [8,39]. It is obvious that the AM60 alloy exhibits a strain 
hardening behavior during the hardness evolution towards homogeneity 
where a constant limit of hardness is ultimately achieved within the 
disk. This strain hardening behavior was suggested according to a 
theoretical approach using strain gradient plasticity [40]. 

In order to assess the microstructural and strain distribution uni-
formity, Vickers microhardness measurements were also carried out on 
the total surface of the HPT specimens. The color-coded microhardness 
distribution maps are shown in Fig. 9. The hardness values in the maps 
are in good agreement with the microhardness measured along the disk 
diameters with a higher load (500 g while the maps were taken with 100 
g). It is revealed that there is a variation of the hardness determined at 
the same distance from the center. Nevertheless, it is evident that the 
hardness distribution in the whole disk became more uniform when the 
number of turns increased. 

The mechanical behavior of the HPT-processed AM60 alloy was also 
studied by SPT technique. This method has also been applied for other 
HPT-processed Mg alloys such as ZK60 [31] and Mg‒9Gd‒4Y‒0.4Zr 
[41]. In the present study, the samples were fabricated from the center 
part of the HPT disks due to the dimensional requirements of the SPT 
technique. Fig. 10 shows the shear stress versus the normalized 

displacement for the different numbers of turns as obtained by SPT. The 
peak stress was achieved at the normalized strain of about 0.56. The 
maximum shear stress was ~148 MPa after ½ turn which increased to 
~176 MPa when 1 HPT turn was completed (see Fig. 10). This value 
remained practically unchanged for 3 turns but between 3 and 10 rev-
olutions the maximum shear stress decreased to 155 MPa. This trend 
resembles the hardness variation in the center part of the disks (see 
Fig. 8a). 

4. Discussion 

4.1. Microstructure and texture evolution during HPT-processing 

The electron microscopy observations and the X-ray diffraction 
analysis suggest that an early saturation of the microstructure occurred 
during HPT-processing. Indeed, the grain size was refined from ~16 μm 
to ~2 μm and ~0.8 μm, respectively, in the disk center and edge even 
after ½ turn of HPT. In addition, XLPA revealed that the diffraction 
domain size decreased to ~60 nm while the dislocation density 
increased to ~11 × 1014 m− 2 even in the center of the disk processed by 
½ revolution. The dislocation density after HPT at RT is at least two 
orders of magnitude higher than the value in the initial extruded sample 
where the dislocation density was under the detection limit of XLPA, 
~1013 m− 2 (c.f. Ref. [20]). The diffraction domain size and the dislo-
cation density are almost constant and evenly distributed for all turns. In 
contrast, the grain size exhibited further refinement down to ~1 μm and 
~0.23 μm in the center and the edge, respectively. It is noted that a 
similar level of grain refinement was reported earlier for a ZK60 alloy 
processed by HPT [8]. The very similar microstructural parameters 
obtained by XLPA in the center and the edge of the disks processed for 

Fig. 2. Grain orientation maps obtained by EBSD for the center parts of the samples processed for (a) ½, (b) 1, (c) 3 and (d) 10 turns.  

A.A. Khaleghi et al.                                                                                                                                                                                                                            



Materials Science & Engineering A 799 (2021) 140158

6

low numbers of turns (½ and 1) can be partly explained by the relatively 
large area studied by XLPA. Indeed, the area illuminated by X-rays was 
0.2 × 2 mm2, therefore the XLPA results obtained from the center must 
be considered as the average for a region in which the distance from the 
disk center varies between zero and 1 mm. Thus, the characterization of 
the microstructure by the present XLPA is less local than EBSD or 
ACOM-TEM. 

In addition, it seems that the dislocation density saturated earlier 
than the grain size if the results obtained for the edge parts of the disks 
processed by different numbers of turns are compared. At the edge, the 
XLPA microstructural parameters can be considered as very local in-
formation since in that case the width of the studied area along the disk 
radius was only ~0.2 mm. Even if the strain at the edge was very 
different for ½ and 10 turns, the microstructural parameters obtained by 

XLPA agreed within the experimental error. It should be noted that the 
significant difference between the values of the diffraction domain size 
determined by XLPA and the grain size obtained by EBSD and ACOM- 
TEM has been already observed for other SPD-processed materials and 
can be explained by the higher sensitivity of XLPA to misorientations. 
Therefore, XLPA gives the subgrain size or dislocation cell size while 
EBSD and ACOM-TEM are usually used for the determination of the 
dimension of the grains bounded by HAGBs. Thus, it seems that the 
saturation of the dislocation density occurred earlier with increasing 
strain during HPT than that for the grain size. Similar behavior has been 
observed for other SPD-processed materials [42,43]. The saturation 
dislocation density (~11 × 1014 m− 2) and diffraction domain size (~60 
nm) achieved by HPT at RT for the present AM60 alloy were slightly 
higher and lower, respectively, than the values obtained for 
HPT-processed AZ31 magnesium alloy (~8 × 1014 m− 2 for the dislo-
cation density and ~70 nm for the diffraction domain size) [44]. This 
difference can be explained by the higher alloying element content in 
AM60 alloy, since both solute atoms and precipitates hinder the anni-
hilation of dislocations during SPD-processing [45], thereby resulting in 
a higher saturation dislocation density. 

As it is obvious from Table 2, the HAGB fraction significantly 
decreased in the center when the number of HPT turns increased to one. 
This effect can be attributed to the development of LAGBs from the 
newly formed dislocations. Between 1 and 10 turns, only slight changes 
in the HAGB fraction was observed in the disk center. At large strains, it 
is expected that the LAGBs are transformed into HAGBs and there is a 
recrystallization, resulting in a grain refinement and an increase of the 
fraction of HAGBs. Indeed, at the edge parts of the disks where the 
imposed strain is much higher than in the center, the HAGB fraction is 
higher than in the center. However, it should be noted that these values 

Fig. 3. Grain orientation maps obtained by ACOM-TEM for the edge parts of the samples processed for (a) ½, (b) 1, (c) 3 and (d) 10 turns.  

Table 2 
The area-weighted mean grain size and the HAGB fraction determined by EBSD 
and ACOM-TEM for the center and the edge of AM60 alloy disk after different 
numbers of HPT turns. In the disk center, EBSD was used while at the edge 
ACOM-TEM was applied.  

Number of HPT turns and location along 
the disk radius 

Grain size [μm] HAGB fraction [%] 

1/2 center 2.0 ± 0.1 47 
edge 0.80 ± 0.05 43 

1 center 1.7 ± 0.1 36 
edge 0.31 ± 0.05 40 

3 center 1.0 ± 0.1 36 
edge 0.45 ± 0.05 40 

10 center 1.0 ± 0.1 32 
edge 0.23 ± 0.05 44  
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Fig. 4. Inverse pole figures obtained by EBSD for the center parts of the samples processed for (a) ½, (b) 1, (c) 3 and (d) 10 turns. The vertical color bar gives the 
intensity in the multiple of random distribution, where the value becomes unity when the grains are oriented randomly. 

Fig. 5. Inverse pole figures obtained by ACOM-TEM for the edge parts of the samples processed for (a) ½, (b) 1, (c) 3 and (d) 10 turns. The vertical color bar gives the 
intensity in the unit of multiple of random distribution (m.r.d.), where the value becomes unity when the grains are oriented randomly. 
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are lower than the HAGB fractions formerly observed for other Mg alloys 
processed by ECAP or MDF (e.g., about 80% for AX41 alloy processed by 
ECAP at 220 ◦C [46]). This difference can be explained by the hindering 
effect of the high pressure applied during HPT on the recovery of the 
microstructure, resulting in a relatively high dislocation density (~11 ×
1014 m− 2) and a large fraction of LAGBs. Most probably, the low melting 

point of the studied material and the very high strain applied during HPT 
caused a dynamic recrystallization during SPD processing. However, as 
this recrystallization occurred during severe deformation at RT, many 
new dislocations and LAGBs formed in the refined grain structure. 
Therefore, for high numbers of HPT turns the HAGB fraction only 
slightly increased. 

The effect of HPT on AM60 alloy was also monitored by the mea-
surement of the spatial distribution of microhardness. Fig. 8a shows that 
the hardness considerably increased from 650 MPa to 980 MPa even in 
the center of the disk processed by ½ turn, although the equivalent strain 
is zero nominally in that place (see eq. (6)). This apparent contradiction 
can be explained by (i) the hardening effect of the initial compression 
applied in the beginning of HPT and (ii) the spread of plastic deforma-
tion into the disk center from the surrounding regions where the nom-
inal strain is non-zero. Namely, the dislocations formed at a distance 
from the center have a long-range stress field, resulting in dislocation 
motion and multiplication even in the center. Thus, there is a strong 
decrease in the grain size (from ~16 to ~2 μm) and an increase in the 
dislocation density in the center, leading to a significant hardness 
enhancement. With increasing number of turns, the hardness distribu-
tion became more homogeneous since at the edge after the micro-
structure saturation the hardness does not increase anymore while in the 
center further microstructural development occurs during further 
deformation. It should be noted that fully homogeneous hardness dis-
tribution was not achieved even after 10 turns of HPT as shown in 
Fig. 8a. This can be explained by the difference between the grain sizes 
observed in the center and the edge parts of the disks even after 10 turns 
(see Table 2). 

It is noted that perfect hardness homogeneity along the disk diameter 
was also not observed for other HPT-processed Mg alloys [39,47]. 
However, the increase of the number of HPT turns can result in ho-
mogenization of the hardness along the disk radius, as shown in previous 
studies [37,44,47–49]. For room temperature HPT, a lower hardness in 
the center compared to the edge part has been observed for AZ31 alloy 
even after 5 turns, and a homogeneous hardness distribution was ach-
ieved only after 15 turns of HPT [44]. Another study revealed that the 
increase of the HPT temperature from room temperature to 200 ◦C 
yielded a more homogeneous but lower hardness along the disk diam-
eter in AZ31 alloy processed for 5 turns [48]. For extruded AZ80 and 
ZK60 alloys, the homogeneity was achieved even after 5 HPT turns [37, 
47,49]. Most probably, the pressure and the temperature applied during 
HPT, and the initial state of the material (e.g., extruded or not) influence 
significantly the evolution of the microstructure and hardness in Mg 
alloys. In addition, the chemical composition must also have an effect on 
the homogenization of the microstructure and hardness in 
HPT-processed Mg alloys. Therefore, the homogeneous hardness distri-
bution along the disk diameter can be achieved at different numbers of 

Fig. 6. Williamson-Hall plot showing the Full Width at Half Maximum (FWHM) 
versus the magnitude of the diffraction vector (g) for the center and edge parts 
of the disks processed by HPT at RT for different numbers of turns and the 
sample deformed by ECAP at 220 ◦C. 

Fig. 7. CMWP fitting on the diffraction pattern taken for the edge part of the 
disk processed for 3 turns of HPT. The open circles and the solid line represent 
the measured and fitted patterns, respectively. The intensity is in logarithmic 
scale. The inset shows a magnified part of the diffractogram in a linear intensity 
scale for a better illustration of the fitting quality. The difference between the 
measured and fitted data is also shown in the bottom of the inset. 

Fig. 8. The microhardness measured under the load of 500 g as a function of the distance from the disk center (a) and the equivalents strain (b) for the different 
numbers of HPT turns. 
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turns, depending on the processing conditions and the material 
composition. 

4.2. Correlation between microstructure, texture and mechanical 
properties 

In order to reveal the effect of strain on hardness evolution, the 
microhardness versus the equivalent strain was plotted for different HPT 
turns in Fig. 8b. It can be seen that the saturation hardness for each disk 
was achieved at an equivalent strain of about 20–40, irrespectively of 
the number of turns. At the same time, the saturation hardness value 
decreased with increasing the number of turns which is in an apparent 
contradiction with the fact that both the grain size and the dislocation 
density saturated at the disk edge after 1 turn of HPT. This dichotomy 
may be caused by the effect of texture on the hardness, therefore the 
texture evolution during HPT is discussed in the next paragraph. 

For Mg alloys, the easiest deformation mode at RT is the dislocation 
glide on the basal plane. Therefore, the crystallographic texture has a 
significant effect on the measured hardness and mechanical strength of 
these materials. For instance, if the loading axis of compression is close 
to the 1010 or the 0001 direction in Mg, the Schmid factor of basal slip is 
very low, resulting in texture hardening. Although, hardness testing is 
not a compression along the loading direction, due to the flatness of the 
Vickers tip the texture effect on the hardness can be understood by 
considering only a simple compressive stress perpendicular to the sur-
face of the HPT disk. Then, for ½ turn the weakening of 1010 texture 
resulted in softening but after 1 turn of HPT the 0001 texture yielded 

Fig. 9. Microhardness maps measured under the load of 100 g for the disks processed for (a) ½, (b) 1, (c) 3 and (d) 10 turns.  

Fig. 10. Shear stress versus the normalized displacement measured for the 
different numbers of HPT turns. 
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hardening again. This type of texture can be the result of the dominance 
of basal slip since its activation at RT is easier than that for non-basal slip 
systems [39]. For 3 and 10 turns, the 0001 texture gradually weakens, i. 
e., the change of the crystallographic orientation of grains softens the 
material. Then, the decrease of the saturation hardness at the disk edge 
after 1 turn can be attributed to a texture effect since the dislocation 
density and the grain size at the edge remained practically unchanged 
between 1 and 10 turns. 

The effect of texture is also apparent in the variation of the maximum 
shear stress in SPT. The shear stress is mostly parallel to the SPT loading 
direction which is perpendicular to the surface of the HPT disks [50]. 
Therefore, for 0001 texture when the basal planes in the crystallites are 
perpendicular to the shear stress, the basal slip is very difficult. Thus, 
when 0001 texture formed in the center of the disk processed for 1 turn 
(see Fig. 4), this effect might have contributed to the large increase of the 
maximum shear stress between ½ and 1 turns as shown in Fig. 10. Be-
tween 1 and 3 turns, although the dislocation density remained un-
changed and the grain size decreased from ~1.7 to ~1 μm, the 
maximum shear stress did not increase since the hardening effect caused 
by the reduction of the grain size was compensated by the softening due 
to the weakening of the 0001 texture. For 10 turns, the texture 0001 
completely disappeared, resulting in softening as compared to the 
sample processed by 3 turns (see Fig. 10), even if both the grain size and 
the dislocation density remained unchanged in the disk center between 
3 and 10 turns of HPT. 

In our recently published paper on ECAP-processed AM60 alloy [20], 
the strengthening effects of grain size, dislocation density and texture 
were combined in the following formula: 

σc
y =

MT

MR

(
σ0 + kd− 1/2 + αMRGbρ1/2), (7)  

where σc
y is the yield stress calculated from the microstructure, σ0 is the 

friction stress (~30 MPa [51]), d is the grain size, k is Hall-Petch slope 
(~159 MPa μm1/2 [52]), α is a parameter depending on the existing 
dislocation slip systems (0.6 [20,52,53]), G is the shear modulus (~17 
GPa), b is the magnitude of the Burgers vector of dislocations and ρ is the 
dislocation density. In SPD-processed AM60 alloy samples, most of the 
dislocations have <a> type Burgers vector [12], therefore b is taken as 
0.32 nm (corresponding to lattice parameter a). The influence of texture 
on the yield strength was taken into account by the factor MT/MR where 
MR is the Taylor factor for random crystallographic orientation and MT is 
the Taylor factor calculated on the basis of the texture in the studied 
specimens. The value of MR is 4.5 [52] while MT can be estimated as the 
reciprocal of the Schmid factor of the basal slip since this glide system 
gives the main contribution to plasticity at RT [53]. The Schmid factor of 

basal slip was determined from the EBSD and ACOM-TEM images using 
the OIM software. Fig. 11 compares the calculated yield strength with 
the values measured for the HPT-processed AM60 samples and deter-
mined previously for AM60 alloy deformed by ECAP and MDF [20]. The 
measured yield strength was obtained as one-third of the experimentally 
determined microhardness. It is well known that this is only an 
approximation of the yield strength since one-third of the hardness gives 
the flow stress corresponding to the plastic strain of 8% [54]. Fig. 11 
shows the strength values obtained for both the center and the edge 
parts of the HPT-processed disks. In the case of the center parts, due to 
the extension of the X-ray beam the yield strength was calculated from 
the hardness averaged for the points along the disk diameter which are 
closer to the disk center than 1 mm (see Fig. 8a). An acceptable corre-
lation between the calculated and the measured yield strength values 
was obtained. 

4.3. Comparison between the HPT- and ECAP-processed AM60 alloys 

In our recently published paper [20], the microstructure evolution in 
AM60 alloy during ECAP processing at 220 ◦C was studied. The reason of 
the elevated temperature of ECAP was the low level of formability of Mg 
and its alloys at RT which may cause early cracking and fracture during 
SPD, such as ECAP. In the case of HPT, the high applied pressure assures 
the integrity of the sample even at large strains due to the suppression of 
crack initiation and propagation. Therefore, HPT can be performed on 
Mg alloys even at RT without the failure of the specimen as proved in 
this study. Although the temperature of SPD processing was different for 
the previous ECAP and the present HPT, it is worth to compare the pa-
rameters of the microstructure and the hardness of the two 
SPD-processed AM60 alloy. 

Fig. 12 compares the grain size, the diffraction domain size, the 
dislocation density, the intensity fraction of the Al12Mg17 secondary 
phase and the hardness in the saturation state for AM60 alloy processed 
by HPT at RT and ECAP at 220 ◦C. It can be seen that the dislocation 
density is about two times larger while the diffraction domain size is 
about half for HPT than for ECAP. This difference in the two micro-
structures is also revealed if the Williamson-Hall plots for HPT- and 
ECAP-processed samples are compared in Fig. 6. The larger lattice strain 
due to the higher dislocation density causes the higher slope of the fitted 
straight line for the HPT samples as compared to ECAP. The grain size is 
smaller by a factor of eight for HPT as compared to ECAP. The higher 
dislocation density and the smaller domain and grain sizes in the HPT- 
processed sample can be attributed to the lower temperature and the 

Fig. 11. The measured yield strength versus the calculated values for the center 
and edge parts of the disks processed for different numbers of HPT turns at RT 
as well as for ECAP and MDF performed at 220 ◦C. The measured yield strength 
was approximated as one-third of the experimentally determined microhard-
ness. The data for ECAP and MDF at 220 ◦C were taken from Ref. [20]. 

Fig. 12. Comparison of the saturation values of the microstructural parameters 
and the microhardness obtained for AM60 alloy processed by HPT at RT and 
ECAP at 220 ◦C. 
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higher applied pressure during SPD processing. Indeed, the higher 
deformation temperature facilitates diffusion which is a basic mecha-
nism of climb necessary for annihilation of edge dislocations. In additon, 
the hydrostatic pressure applied during HPT hinders diffusion since it 
enhances the vacancy formation and migration enthalpies. Thus, the 
more difficult diffusion resulted in a higher saturation dislocation den-
sity and a smaller minimum achievable grain size. Then, it is not sur-
prising that the hardness of the HPT-processed sample was about 30% 
higher than that for ECAP. Fig. 12 also shows that the fraction of 
Al12Mg17 secondary phase was about three times larger for the ECAP 
sample. This effect can also be explained by the slower diffusion during 
HPT since in the initial extruded material the intensity fraction of 
Al12Mg17 phase was only ~1% and this value increased during both HPT 
and ECAP due to precipitation. The higher temperature and the lower 
pressure promoted diffusion during ECAP more effectively, resulting in a 
larger increase of the secondary phase fraction (from ~1% to ~6%) as 
compared to HPT (from ~1% only to ~2%). 

5. Conclusions 

HPT was conducted on an extruded AM60 alloy at RT. The evolution 
of the microstructure, hardness and shear strength was studied as a 
function of the number of turns. The most important results are the 
following:  

1. HPT at RT resulted in a strong grain refinement. The initial grain size 
of ~16 μm decreased to ~2 and ~0.8 μm in the disk center and edge, 
respectively, even after ½ turn of HPT. For the highest applied 
number of turns (N = 10), the grain size reduced to ~1 and ~0.23 μm 
in the disk center and edge, respectively, i.e., a fully homogeneous 
microstructure was not achieved. At the same time, the dislocation 
density saturated even after ½ turn with the value of ~11 × 1014 

m− 2.  
2. The initial 1010 texture gradually changed to 0001 texture when the 

number of turns increased to one. Then, the 0001 texture weakened 
after 3 and 10 turns of HPT. The latter effect can explain the soft-
ening observed between 3 and 10 turns by both hardness testing and 
SPT even if the grain size and the dislocation density did not change. 

3. The hardness distribution exhibited also an inhomogeneous char-
acter, similar to the microstructure. Although the inhomogeneity 
decreased with increasing the number of turns, a significant varia-
tion in the hardness was observed even after 10 turns of HPT. It was 
revealed that the hardness versus equivalent strain curves for the 
different number of turns do not coincide, mainly due to texture 
softening occurred for high numbers of turns. The maximum 
achievable hardness was ~1300 MPa that was measured at the edge 
of the disk processed for ½ turn.  

4. The yield strength calculated from the dislocation density, grain size 
and texture was in a reasonable agreement with the values deter-
mined experimentally as one-third of the hardness. The 
microstructure-strength relationship found formerly for ECAP- and 
MDF-processed AM60 alloy samples is also valid for the center and 
edge parts of the HPT disks.  

5. The saturation grain size for HPT at RT was about eight times smaller 
than that for ECAP performed at 220 ◦C while the maximum 
achievable dislocation density was two times higher in the HPT- 
processed material. This difference can be explained by the retard-
ing effect of the lower temperature and the higher pressure on the 
diffusion during HPT which then hindered the annihilation of dis-
locations. As a result, the hardness of the HPT-processed sample was 
about 30% higher than that for ECAP. 
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P. Minárik: Methodology, Data processing. 
J. Veselý: Methodology, Data processing. 
M. El-Tahawy: Methodology, Data processing. 
J. Gubicza: Conceptualization, Methodology, Validation, Reviewing 

and Editing. 

Data availability 

The raw/processed data required to reproduce these findings cannot 
be shared at this time due to technical or time limitations. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgment 

The authors are grateful to Dr. Kaveh Edalati for HPT processing of 
AM60 alloy disks. This work was supported in part by the Ministry of 
Human Capacities of Hungary within the ELTE University Excellence 
program (1783-3/2018/FEKUTSRAT). K.M. acknowledges the support 
of the Operational Programme Research, Development and Education, 
The Ministry of Education, Youth and Sports (OP RDE, MEYS) 
[CZ.02.1.01/0.0/0.0/16_013/0001794]. 

References 

[1] R.B. Figueiredo, T.G. Langdon, Processing magnesium and its alloys by high- 
pressure torsion: an overview, Adv. Eng. Mater. 21 (2019) 1801039, https://doi. 
org/10.1002/adem.201801039. 

[2] R.B. Figueiredo, T.G. Langdon, Grain refinement and mechanical behavior of a 
magnesium alloy processed by ECAP, J. Mater. Sci. 45 (2010) 4827–4836, https:// 
doi.org/10.1007/s10853-010-4589-y. 

[3] R.Z. Valiev, T.G. Langdon, Principles of equal-channel angular pressing as a 
processing tool for grain refinement, Prog. Mater. Sci. 51 (2006) 881–981, https:// 
doi.org/10.1016/j.pmatsci.2006.02.003. 

[4] A. Zhilyaev, T.G. Langdon, Using high-pressure torsion for metal processing: 
fundamentals and applications, Prog. Mater. Sci. 53 (2008) 893–979, https://doi. 
org/10.1016/j.pmatsci.2008.03.002. 

[5] P.W. Bridgman, Effects of high shearing stress combined with high hydrostatic 
pressure, Phys. Rev. 48 (1935) 825–847, https://doi.org/10.1103/ 
PhysRev.48.825. 

[6] K. Edalati, Z. Horita, A review on high-pressure torsion (HPT) from 1935 to 1988, 
Mater. Sci. Eng., A 625 (2016) 325–352, https://doi.org/10.1016/j. 
msea.2015.11.074. 

[7] K. Edalati, Review on recent advancements in severe plastic deformation of oxides 
by high-pressure torsion (HPT), Adv. Eng. Mater. 21 (2019) 1438–1656, https:// 
doi.org/10.1002/adem.201800272. 

[8] S.A. Torbati-Sarraf, S. Sabbaghianrad, R.B. Figueiredo, T.G. Langdon, Orientation 
imaging microscopy and microhardness in a ZK60 magnesium alloy processed by 
high-pressure torsion, J. Alloys Compd. 712 (2017) 185–193, https://doi.org/ 
10.1016/j.jallcom.2017.04.054. 

[9] M.A. Salevati, F. Akbaripanah, R. Mahmudi, Microstructure, texture, and 
mechanical properties of AM60 magnesium alloy processed by extrusion and 
multidirectional forging, J. Mater. Eng. Perform. 28 (2019) 3021–3030, https:// 
doi.org/10.1007/s11665-019-04067-2. 

[10] O. Kulyasova, R. Islamgaliev, B. Mingler, M. Zehetbauer, Microstructure and 
fatigue properties of the ultrafine-grained AM60 magnesium alloy processed by 
equal-channel angular pressing, Mater. Sci. Eng., A 503 (2009) 176–180, https:// 
doi.org/10.1016/j.msea.2008.03.057. 

[11] J. Lin, W. Ren, Q. Wang, L. Ma, Y. Chen, Influence of grain size and texture on the 
yield strength of Mg alloys processed by severe plastic deformation, Ann. Mater. 
Sci. Eng. (2014) (2014), 356572, https://doi.org/10.1155/2014/356572. 

[12] A. Heczel, F. Akbaripanah, M.A. Salevati, R. Mahmudi, Vida, J. Gubicza, 
A comparative study on the microstructural evolution in AM60 alloy processed by 
ECAP and MDF, J. Alloys Compd. 763 (2018) 629–637, https://doi.org/10.1016/j. 
jallcom.2018.06.002. 

A.A. Khaleghi et al.                                                                                                                                                                                                                            

https://doi.org/10.1002/adem.201801039
https://doi.org/10.1002/adem.201801039
https://doi.org/10.1007/s10853-010-4589-y
https://doi.org/10.1007/s10853-010-4589-y
https://doi.org/10.1016/j.pmatsci.2006.02.003
https://doi.org/10.1016/j.pmatsci.2006.02.003
https://doi.org/10.1016/j.pmatsci.2008.03.002
https://doi.org/10.1016/j.pmatsci.2008.03.002
https://doi.org/10.1103/PhysRev.48.825
https://doi.org/10.1103/PhysRev.48.825
https://doi.org/10.1016/j.msea.2015.11.074
https://doi.org/10.1016/j.msea.2015.11.074
https://doi.org/10.1002/adem.201800272
https://doi.org/10.1002/adem.201800272
https://doi.org/10.1016/j.jallcom.2017.04.054
https://doi.org/10.1016/j.jallcom.2017.04.054
https://doi.org/10.1007/s11665-019-04067-2
https://doi.org/10.1007/s11665-019-04067-2
https://doi.org/10.1016/j.msea.2008.03.057
https://doi.org/10.1016/j.msea.2008.03.057
https://doi.org/10.1155/2014/356572
https://doi.org/10.1016/j.jallcom.2018.06.002
https://doi.org/10.1016/j.jallcom.2018.06.002


Materials Science & Engineering A 799 (2021) 140158

12

[13] M. Mabuchi, K. Ameyama, H. Iwasaki, K. Higashi, Low temperature superplasticity 
of AZ91 magnesium alloy with non-equilibrium grain boundaries, Acta Mater. 47 
(1999) 2047–2057, https://doi.org/10.1016/S1359-6454(99)00094-4. 

[14] A.S.J. Al-Zubaydi, A.P. Zhilyaev, S.C. Wang, P. Kucita, P.A.S. Reed, Evolution of 
microstructure in AZ91 alloy processed by high-pressure torsion, J. Mater. Sci. 51 
(2016) 3380–3389, https://doi.org/10.1007/s10853-015-9652-2. 

[15] Q. Guo, H.G. Yan, Z.H. Chen, H. Zhang, Grain refinement in as-cast AZ80 Mg alloy 
under large strain deformation, Mater. Char. 58 (2007) 162–167, https://doi.org/ 
10.1016/j.matchar.2006.04.013. 

[16] R.B. Figueiredo, T.G. Langdon, Using high-pressure torsion to achieve 
superplasticity in an AZ91 magnesium alloy, Metals 10 (2020) 681, https://doi. 
org/10.3390/met10050681. 

[17] Y. Wu, R. Zhu, Effect of rolling temperature on the microstructure and mechanical 
properties of AZ31 alloy sheet processed through variable-plane rolling, J. Mater. 
Eng. Perform. 28 (2019) 6182–6191, https://doi.org/10.1007/s11665-019-04363- 
x. 

[18] L. Balogh, R.B. Figueiredo, T. Ungár, T.G. Langdon, The contributions of grain size, 
dislocation density and twinning to the strength of a magnesium alloy processed by 
ECAP, Mater. Sci. Eng., A 528 (2010) 533–538, https://doi.org/10.1016/j. 
msea.2010.09.048. 

[19] Y. He, Q. Pan, Y. Qin, X. Liu, W. Li, Microstructure and mechanical properties of 
ultrafine grain ZK60 alloy processed by equal channel angular pressing, J. Mater. 
Sci. 45 (2010) 1655–1662, https://doi.org/10.1007/s10853-009-4143-y. 

[20] M.A. Salevati, F. Akbaripanah, R. Mahmudi, K.H. Fekete, A. Heczel, J. Gubicza, 
Comparison of the effects of isothermal equal channel angular pressing and multi- 
directional forging on mechanical properties of AM60 magnesium alloy, Mater. Sci. 
Eng., A 776 (2020) 139002, https://doi.org/10.1016/j.msea.2020.139002. 

[21] Y. Xu, L.X. Hu, Y. Sun, J.B. Jia, J.F. Jiang, Q.G. Ma, Microstructure and mechanical 
properties of AZ61 magnesium alloy prepared by repetitive upsetting-extrusion, 
Trans. Nonferrous Metals Soc. China 25 (2015) 381–388, https://doi.org/10.1016/ 
S1003-6326(15)63614-7. 

[22] M. Zha, H.M. Zhang, C. Wang, H.Y. Wang, E.B. Zhang, Q.C. Jiang, Prominent role 
of a high volume fraction of Mg17Al12 particles on tensile behaviors of rolled 
Mg–Al–Zn alloys, J. Alloys Compd. 728 (2017) 682–693, https://doi.org/10.1016/ 
j.jallcom.2017.08.289. 

[23] Y.H. Wei, Q.D. Wang, Y.P. Zhu, H.T. Zhou, W.J. Ding, Y. Chino, M. Mabuchi, 
Superplasticity and grain boundary sliding in rolled AZ91 magnesium alloy at high 
strain rates, Mater. Sci. Eng., A 360 (2003) 107–115, https://doi.org/10.1016/ 
S0921-5093(03)00407-6. 

[24] Z. Zhao, Q. Chen, C. Hu, D. Shu, Microstructure and mechanical properties of SPD- 
processed an as-cast AZ91D+Y magnesium alloy by equal channel angular 
extrusion and multi-axial forging, Mater. Des. 30 (2009) 4557–4561, https://doi. 
org/10.1016/j.matdes.2009.04.023. 

[25] O.D. Sherby, J. Wadsworth, Superplasticity-Recent advances and future directions, 
Prog. Mater. Sci. 33 (1989) 169–221, https://doi.org/10.1016/0079-6425(89) 
90004-2. 

[26] H. Zhang, M. Yang, M. Hou, L. Wang, Q. Zhang, J. Fan, W. Li, H. Dong, S. Liu, 
B. Xu, Effect of pre-existing {101‾2} extension twins on mechanical properties, 
microstructure evolution and dynamic recrystallization of AZ31 Mg alloy during 
uniaxial compression, Mater. Sci. Eng., A 744 (2019) 456–470, https://doi.org/ 
10.1016/j.msea.2018.11.146. 

[27] F. Akbaripanah, F. Fereshteh-Saniee, R. Mahmudi, H.K. Kim, Microstructural 
homogeneity, texture, tensile and shear behavior of AM60 magnesium alloy 
produced by extrusion and equal channel angular pressing, Mater. Des. 43 (2013) 
31–39, https://doi.org/10.1016/j.matdes.2012.06.051. 

[28] E. Tolouie, R. Jamaati, Asymmetric cold rolling: a technique for achieving non- 
basal textures in AZ91 alloy, Mater. Lett. 249 (2019) 143–146, https://doi.org/ 
10.1016/j.matlet.2019.04.087. 

[29] F. Akbaripanah, F. Fereshteh-Saniee, R. Mahmudi, H.K. Kim, The influences of 
extrusion and equal channel angular pressing (ECAP) processes on the fatigue 
behavior of AM60 magnesium alloy, Mater. Sci. Eng., A 565 (2013) 308–316, 
https://doi.org/10.1016/j.msea.2012.12.062. 

[30] R.K. Guduru, K.A. Darling, R.O. Scattergood, C.C. Koch, K.L. Murty, M. Bakkal, A. 
J. Shih, Shear punch tests for a bulk metallic glass, Intermetallics 14 (2006) 
1411–1416, https://doi.org/10.1016/j.intermet.2006.01.052. 

[31] S.A. Torbati-Sarraf, R. Alizadeh, R. Mahmudi, T.G. Langdon, Evaluating the flow 
properties of a magnesium ZK60 alloy processed by high-pressure torsion: a 
comparison of two different miniature testing techniques, Mater. Sci. Eng., A 708 
(2017) 432–439, https://doi.org/10.1016/j.msea.2017.10.009. 

[32] J. Gubicza, X-ray Line Profile Analysis in Materials Science, IGI-Global, Hershey, 
USA, 2014. 
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