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Abstract 

Mg22Gd alloy was processed by high pressure torsion (HPT) at room temperature and the pressure of 2  GPa. A series of 
specimens with different number of rotations N (N = 0-15) was prepared from the initial coarse grained as-cast material. 
Mechanical properties were investigated by microhardness mapping. The microhardness was found to increase with 
increasing strain imposed by HPT and tend to saturate at about HV = 145. The microstructure (phase morphology and 
composition, etc.) evolution with strain was investigated by scanning electron microscopy and EDS. High Gd content in the 

alloy resulted in the precipitation of stable Mg5Gd phase. This phase exhibited apparently higher hardness than the 
magnesium matrix. During straining the phase was continuously fragmented and only tiny particles were found in heavily 
strained material. Electron back scatter diffraction (EBSD) and automated crystallographic orientation mapping in 
transmission electron microscope (ACOM-TEM) were employed to characterize the fragmentation of the grain structure. 
HPT was found to result in strong grain refinement by the factor of approximately 1000. The dislocation density was 
determined by positron annihilation spectroscopy. Significant twinning was found in the initial stages of HPT straining. At 

high strains twin formation was suppressed and only dislocation storage in the material occurs.                                    
Copyright © 2017 VBRI Press. 
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Introduction 

Magnesium alloys are known as lightweight metallic 
materials with high specific strength. High strength values 
were achieved in binary Mg-Gd alloys [1-3] and more 
complicated ternary and quaternary alloys [4-6]. Gd as an 

alloying element provides some solid solution 
strengthening [7], although its solubility limit at room 
temperature is very low [8]. Further strengthening is 
provided by precipitation sequence resulting in the 

formation of metastable   ́ and stable Mg5Gd particles 

[9,10]. Additional strengthening can be achieved by 
complementary mechanism of grain refinement. Apart 
from increased strength, the ultra-fine grained (UFG) 
microstructure enhances possible superplastic properties 
at elevated temperatures. On the other hand, superplastic 
behavior is limited by the thermal stability of UFG 

microstructure [11,12]. Alloying by Gd suppresses 
continuous recrystallization (grain growth) via pinning of 

grain boundaries [13] and therefore enhances the 
superplasticity [14-16]. The positive effect of alloying by 

Gd is therefore threefold and can be summarized as: a) Gd 
provides solid solution strengthening, b) Gd provides 
precipitation strengthening and c) Gd enhances 
superplastic properties via increased thermal stability of 
the UFG microstructure. 

The content of alloying elements in most of the 

developed binary Mg-Gd alloys and similar ternary and 
quaternary alloys is limited to few weight percent. 
Therefore, the alloying elements can fully dissolve in Mg-
matrix at elevated temperatures (usually at around 530°C) 
[7]. Subsequent thermal treatment aims on precipitation of 
finely dispersed particles to maximize the effect of 

precipitation strengthening [6]. In this study Mg22Gd 
(wt.%) alloy was used, where the Gd content is close to 
the solubility limit at 540-550°C [8]. An alternative 
approach to disperse precipitates of other phase is 
employing severe plastic deformation techniques.  
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Ultrafine grained Mg alloys can be prepared by well-
known methods of severe plastic deformation (SPD) such 
as equal channel angular pressing (ECAP) or high-
pressure torsion (HPT) [17,18]. In this study Mg22Gd 

alloy was prepared by HPT. Detailed study on 
microstructural changes caused by severe plastic 
deformation is necessary before evaluating the 
microstructural stability and superplastic properties [15].  

HPT affects the material microstructure in several 
ways. First, it introduces the high density of dislocations 

that subsequently form dislocation walls, sub-grain 
boundaries and finally high angle grain boundaries [19]. 
Second, plastic deformation in Mg alloys causes twinning 
[20], which may also contribute to microstructural 
refinement [21]. Finally, precipitates of the secondary 
phase might be deformed and fragmented by intensive 

plastic deformation [22].  
Wide palette of experimental techniques was utilized to 

characterize these complex microstructural changes in 
Mg22Gd alloy. Experimental techniques include scanning 
electron microscopy (SEM), electron back-scattered 
diffraction (EBSD), transmission electron microscopy 

(TEM), automated crystal orientation microscopy 
(ACOM-TEM) and positron annihilation spectroscopy 
(PAS).  

 

Experimental 

Specimen preparation 

Mg-22 wt.% Gd alloy was processed by squeeze casting 
in the combined protective environment of Ar and SF6. 
After casting, the material was annealed for 5 hours at 
530°C followed by a water quench. The overall 

concentration of Gd as determined by chemical analysis 
was 22.4±0.4 wt.%. Subsequently, specimens were 
processed by HPT. The schematic of the HPT device is 
described in detail elsewhere [23]. It consists of two 
massive anvils. The specimen in the form of a tiny disk is 
placed between the anvils. The processing is divided into 

two steps. In the first step (compression stage), both 
anvils are pressed together, while in the second step 
(torsional stage) one of the anvils begins to turn imposing 
pure torsional straining to the disk specimen. The 
equivalent von Misses strain eequiv which is imposed to the 
specimen during straining is expressed by the following 

relation [24]: 
 

   𝑒𝑒𝑞𝑢𝑖𝑣 =  
1

√3
 

2𝜋𝑟𝑁

ℎ
,                                (1) 

where, r is the distance from the disk centre which lies in 
the rotation axis, N is the number of HPT turns and h is 
the specimen thickness. It is obvious that the HPT 

straining introduces a lateral inhomogeneity to the disk 
where the imposed strain increases with increasing 
distance from the specimen centre. As a consequence, the 
inhomogeneous microstructure may be expected. Due to 
this reason, we divided the surface of individual disks into 
three regions which will be referred to in the text as 

follows: centre - r = 0-0.5 mm, middle - r = 3-5 mm and 

periphery -r=7-9mm. In order to investigate the 
microstructure evolution and the development of 
mechanical properties a series of specimens having the 
diameter of 10 mm and the approximate thickness of  

1 mm with different number of HPT turns N was 
prepared, namely N = ¼, ½, 1, 3, 5, 10, 15. As an initial 
condition the specimen which was only pressed with no 
further torsion was also prepared – hereinafter referred to 
as N = 0 only. HPT processing was done at room 
temperature and by applying the pressure of 2 GPa. The 

rotation speed was 1 rpm. 

 
Characterization of the microstructure 

High resolution scanning electron microscope Zeiss 
Auriga Cross BeamTM FEG/FIB equipped with EDX and 
EBSD was used for the microstructure characterization. 
Detail observations of microstructure and lattice defects 
were performed on the transmission electron microscope 
Jeol 2000FX operated at 200 kV. Initial stages of grain 

fragmentation and twinning were obtained from EBSD 
analysis. However, the ultrafine-grained character of the 
microstructure in specimens with higher imposed strains 
(for the higher number of turns and/or in peripheral 
regions of the disks) disallowed to perform standard 
EBSD scans on SEM due to its limited resolution. In this 

case a special technique called ACOM-TEM (Automated 
Crystallographic Orientation Mapping in TEM) was 
employed. Unlike EBSD which uses Kikuchi lines for the 
orientation determination, in ACOM-TEM the orientation 
is determined from the point diffraction pattern obtained 
in TEM using beam precession. Due to much higher 

lateral resolution of TEM, the orientation map is obtained 
with much higher resolution (step size 5 nm, acceleration 
voltage – 200 kV and 50 fps - the data acquisition speed 
in our case). The details of this technique may be found 
elsewhere [25]. High resolution TEM/STEM JEOL JEM 
2200FS with precession diffraction Nanωs was employed 

for this special measurement. The only disadvantage of 
this technique is its local character, therefore more scans 
in different zones must be performed to check for any 
microstructural inhomogeneities. 

Microhardness measurement 

Variations of mechanical properties with strain imposed 

by HPT were assessed by Vickers microhardness 
measurement. An automatic microhardness tester 
QnessTM Q10 was employed. A quite dense mesh of 
measuring points consisting of concentric circles 
including more than 1000 indents was used to 
characterize in detail microhardenss variations throughout 
the surface of individual HPT disks. 

Measurement of dislocation density 

It is well known that specimens deformed by severe 
plastic deformation contain a high density of dislocations 
and other lattice defects. Positron annihilation 
spectroscopy was employed to determine the dislocation 
density in individual specimens. In this technique a source 

of positrons (22Na with the activity of 1.5 MBq) is sealed 
between two identical specimens. The 22Na radioisotope 
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Fig. 1. SEM micrographs of the phase structure and its fragmentation resulting from HPT straining (BSE, Z-contrast) (a) N = 0 detail,  

(b) EDX spectrum, (c) N = 0, (d) N = 1, (e) N = 5, (f) N = 15.  

decays into 22Ne and emits high energy positrons (the 
mean energy ~ 250 keV). The daughter 22Ne nucleus is in 
an excited state and de-excites by emission of gamma ray 
with the energy of 1274 keV. This so-called start photon 

that is detected by a scintillation detector is emitted 
virtually simultaneously with the positron and provides 
information when the positron was born. Positrons 
penetrating into the specimen are quickly thermalized, i.e. 
they lose their energy down to the thermal energy 
(kT ~ 0.03 eV). They diffuse in the lattice and when they 

meet an electron they annihilate. The annihilation process 
is accompanied by the emission of annihilation gamma 
rays that are detected by a scintillation detector. The time 
difference between the start and the annihilation gamma 
ray determines the lifetime of an individual positron.   
In a perfect crystal lattice positrons are in the delocalized 

state – so called free positrons. Due to the presence of 
open volume defects some positrons are trapped in these 
regions and live longer than free ones. The details of this 
technique may be found elsewhere [26, 27].  

The measured spectrum consists of exponential decay 
components convoluted with resolution function of the 

spectrometer. Each component corresponds to a certain 
positron state. In heavily deformed specimens, as in our 
case, the spectrum consists of a free positron component 
with shorter lifetime and a longer component that comes 
from positrons trapped at dislocations. The lifetime of 
positrons trapped at dislocations in Mg is 𝜏𝑑  ~ 250 ps [1]. 

This lifetime is constant disregarding the dislocation 

density. On the other hand, the lifetime f of the free 
positron component decreases with increasing dislocation 

density, since trapping at dislocations is additional 
channel that decreases the population of free positrons in 
addition to their annihilation in the free state. The mean 
lifetime is given by the following equation: 

 

 𝜏𝑚𝑒𝑎𝑛 = 𝐼𝑓𝜏𝑓 + 𝐼𝑑𝜏𝑑,                                (2) 

 
where, 𝐼𝑓 and 𝐼𝑑 are intensities of components associated 

with free positron and dislocation component, 
respectively. Increasing values of 𝜏𝑚𝑒𝑎𝑛 correlate with 

increasing dislocation density. Hence, 𝜏𝑚𝑒𝑎𝑛 can be 

considered as a certain measure of dislocation density in 
the sample. 
 

Results and discussion 

SEM observations  

The detail of the microstructure of the alloy in the as 

pressed condition (N = 0) is shown in Fig. 1(a). It is clear 
that the annealing at 530°C for 5 h did not lead to 
complete dissolution of Gd in the matrix. Marked with the 
green arrow are particles of equilibrium phase Mg5Gd 

which were found to be randomly distributed in the -

matrix (solid solution of Gd in Mg). The chemical 
composition of these particles was confirmed by EDX 
analysis and is shown in Fig. 1(b) – green curve. Next to 
Mg5Gd particles, numerous isolated tiny rectangular 
particles were found in the material. One example of such 

particle is marked with a blue arrow in Fig. 1(a). The 
bright character of the Z-contrast indicates the enhanced 
content of Gd in these particles when compared to 
Mg5Gd. Furthermore, the EDX analysis did not reveal the 
presence of any other element than Gd in these particles 
(see the blue curve in Fig. 1(b)). Some authors designate 

similarly looking particles as Mg5Gd [8] or Mg3Gd [4], 
while in [28] it is claimed that such particles are “rich in 
Gd”, which is consistent with our findings. In [29] it is 
reported that these particles in MgGd alloys belong to 
gadolinium di-hydride (GdH2) phase. Hydrogen as a light 
element cannot be obviously detected by EDX technique. 

In a recent publication [30] it is shown that these particles 
are indeed GdH2. According to the authors of Ref. [30], 
GdH2 particles are formed during the preparation of the 
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specimen in aqueous environment due to high affinity of 
Gd and H. Fig. 1(c-f) shows the influence of severe 
plastic deformation on the morphology of Mg5Gd 
particles. The SEM micrographs were taken from the 

middle regions of individual HPT disks (r = 0-0.5 mm). 
The gradual decomposition and fragmentation of the 
Mg5Gd phase particles is clearly seen. Already after a 
single HPT turn the phase loses its compactness which 
continues with further straining. In the specimen, N = 15 
small precipitates randomly dispersed in the matrix  

may be observed, see Fig. 1(f). High strains imposed by 
HPT therefore completely disintegrate the phases in the 
alloy. 
 

 

Fig. 2. EBSD IPF images of microstructure evolution in initial stages of 

HPT straining (a) N = 0, centre, (b) N = 0, centre – twinned grain, (c) N 

= 1/2, centre, (d) N = 1/2, middle part. 

 

EBSD and ACOM-TEM investigation 

Fig. 2. shows EBSD IPF maps of the microstructure of 

the alloy. The microstructure of the as pressed material  
N = 0 (Fig.  2(a)) consists of almost equiaxed grains of 

the average size of about 300-350 m (fully comparable 
to the as-cast material). The compressing stage of HPT 

did not cause any apparent grain refinement, while some 
twins were formed in several grains which were suitably 
oriented for twinning. An example of such a grain is 
shown in Fig. 2(b), where two families of twins are 
clearly seen. Torsional straining by HPT significantly 
influences the microstructure evolution. Similarly as in 

other magnesium alloys the grain fragmentation is 
inhomogeneous [31,32] and results in the formation of the 
bimodal structure [18]. In Fig. 2(c) the detail of the 
microstructure of the central part of the specimen 
subjected to a half of a turn (N = 1/2) is shown. Apparent 
formation of UFG grains around the central 

nonfragmented grain is clearly seen at the EBSD map. 
Moreover, extensive twinning occurs in several grains. 
The intensity of twinning increases significantly with 
increasing strain. In the middle part of the specimen  

N = 1/2, in Fig. 2(d) the twins are found almost in all 
grains. Some of them extend through several grains and 
form wide twin bands. A detail inspection of EBSD map 
indicates that orientation of twin facets changes in 

individual grains and results in grain disintegration and 
fragmentation. At these relatively low strains twinning 
becomes the controlling mechanism of grain 
fragmentation and the overall structure fragmentation 
[21]. Starting with the specimen N = 1 the high imposed 
strain and consequent storage of the high density of 

dislocations and the presence of high stresses in 
individual grains disallowed to determine the orientation 
from EBSD. ACOM-TEM is a useful technique providing 
sufficient resolution for the determination of the 
orientation in heavily deformed, ultrafine-grained 
structures. Fig. 3. shows ACOM-TEM images of the 

microstructure evolution in specimens N  1. All images 
were obtained from peripheral parts of the specimens, 
where the maximum grain refinement is expected. The 
continuous grain refinement with increasing number of 
turns is clearly seen. In the specimen N = 1 a heavily bent 

coarse grain of the approximate size of 1 m is 
surrounded by several small nanocrystalline grains.  
 

 
 

Fig. 3. ACOM-TEM orientation maps acquired from samples of 

Mg22Gd alloy subjected to various number of HPT turns N: (a) N = 1; 

(b) N = 5 and (c) N = 15. 

 
Apparently smaller grain structure with higher fraction 

of nanocrystalline grains was observed in specimen N = 5 
as compared to the specimen N = 1, cf. Fig. 3(a) and 

3(b). No twins were found in this specimen. The same 
trend of grain refinement continues up to 15 turns. The 
microstructure of the specimen is shown in Fig. 3(c). In 
all three specimens, the distribution of grain sizes is 

bimodal and two regions are present in the samples. The 
first region consists of coarser grains, while the second 
one exhibits UFG or even nanocrystalline structure. It is 
evident from Fig. 3 that the disparity of grain sizes is the 
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largest in the sample subjected to 1 HPT revolution. The 
difference between these two regions decreases with 
increasing number of HPT turns. Although the 
microstructure becomes quite homogeneous after 15 

revolutions, the bimodal grain size distribution can be still 
partly seen in Fig. 3(c) indicating that even after 15 turns 
the complete grain refinement was not achieved, even if 
the average grains size ranges between 150-200 nm 
confirming the efficiency of grain refinement by HPT. 
 

 
 

Fig. 4. TEM micrographs showing the evolution of grain structure in 

Mg22Gd subjected to different number of HPT turns : (a) BF - N = 1; 

(b) DF - N = 1 deformed region; (c) DF - twin, N = 1,  (d) BF - N = 5;  

(e) DF - area with ~ 200 nm grains, N = 5; (f) DF - grains smaller than  

200 nm, N = 5; (g) BF - N = 15; (h) DF - grains significantly smaller 

than 200 nm, N = 15. 

 

TEM 

The microstructure of samples after 1, 5 and 15 HPT was 
also examined by transmission electron microscopy. All 
TEM measurements were performed at the peripheral 
parts of HPT disks in order to allow a direct comparison 
with ACOM-TEM IPF maps. TEM micrographs are 
shown in Fig. 4. The specimen after 1 HPT turn (N = 1) 

predominantly consists of heavily deformed micrometer-
sized grains as seen in Fig. 4(a) and in dark field image in 
Fig. 4(b). The high internal strain in these grains is 
demonstrated by the presence of bend contours. 
Occasionally, twins can be found in the sample after  
N = 1 as seen in Fig. 4(c), while no twins were observed 

in more deformed conditions. Similarly, very few twins 
were found during numerous ACOM-TEM scans. This 
indicates the abrupt change of the controlling mechanism 
of grain fragmentation from twinning to dislocation 
storage and rearrangements. Once the strain exceeds a 
certain value the conditions for twinning become 

unfavourable and further microstructure refinement is 
controlled by dislocations. Higher strain conditions are 
also characterized by smaller grains, which are less prone 

to twinning. Areas consisting of refined ultra-fine grains 
were already observed in the specimen after 1 HPT turn, 
see the top left corner of Fig. 4(a). However, they were 
observed only in a small volume fraction of the sample. 

Relative volume fraction of UFG structure increases with 
increasing number of HPT turns. In the specimen after 
5 turns (N = 5), the microstructure is composed of both 
coarse grains and UFG bands in comparable fractions, see 
Fig. 4(d), where coarse grain in the right part of the 
micrograph is surrounded by UFG band from the left  

and top sides. Dark field TEM images presented in  
Figs. 4(e-f) reveal that there are two regions with different 
grain sizes within UFG bands in the sample N = 5. The 
first one exhibits the average grain size around 200 nm, 
see Fig. 4(e), while the second one is composed of 
significantly smaller grains, see Fig. 4(f). On the other 

hand, bright-field TEM image of sample subjected to  
15 HPT turns shown in Fig. 4(g) indicates that almost the 
whole volume of the sample is transformed into UFG 
structure after 15 turns. After 15 HPT turns, the grain 
refinement is even higher and grains having the size well 
below 200 nm were observed, see Fig. 4(h). The results 

obtained by TEM and ACOM-TEM are fully consistent. 
Both methods indicate that the grain refinement continues 
up to 15 HPT turns where almost the whole volume of the 
samples contains the UFG structure and coarse 
micrometer sized grains present in samples subjected to  
1 and 5 turns are finally disintegrated. 

 

 
 

Fig. 5. The dependence of the positron mean life-time as a function of 

the equivalent strain.  

 

Dislocation density 

It is well known that severe plastic deformation 
introduces in the material a high density of lattice defects 
which influence the processes of grain refinement. The 
most important lattice defects stored in the severely 
plastically deformed material are dislocations. Therefore, 
the knowledge of the density of dislocations and  

mainly its evolution with strain provides a valuable 
microstructure characteristic. Due to the inhomogeneous  
character of the microstructure in HPT specimens it is 
common to determine the average value of dislocation 
density. Positron annihilation spectroscopy (PAS) 



Research Article                                   2017, 8(9), 897-904 Advanced Materials Letters 

 

Copyright © 2017 VBRI Press                                                                                                               902 
 

measurements were performed in individual specimens 
subjected to different number of turns. In each specimen 
three measurements were done, namely in the centre  
(r = 0), in the middle part (r = 3 mm) and near the 

periphery (r = 7 mm). The results of PAS measurements 
are presented in Fig. 5, where the master curve of the 
mean lifetime (𝜏𝑚𝑒𝑎𝑛) as a function of the equivalent 

strain calculated from Eq. (1) is shown. The lifetime of 

free positrons in a perfect Mg lattice is approximately  
225 ps while that of positrons trapped at dislocation in  
Mg is ~250 ps [1,17]. The results of PAS measurement 
shown in Fig. 5 indicate that at lower strains the 
dislocation density is very low (𝜏𝑚𝑒𝑎𝑛 ≈ 𝜏𝑓), see Eq. (2). 

With increasing strain the dislocation density 
monotonously increases and tends to saturate for very 
high strains (𝜏𝑚𝑒𝑎𝑛 ≈ 𝜏𝑑). 

 

 
 

Fig. 6. Vickers microhardness evolution in Mg22Gd subjected to 

different number of HPT turns (a) line-profiles; (b) average 

microhardness; (c) microhardness of the matrix and Mg5Gd phase. 

 

Microhardness 

The development of Vickers microhardness (HV 0.1) in 
samples subjected to various numbers of HPT turns is 

plotted in Fig. 6. Due to the inhomogeneous character of 
the microstructure and the presence of Mg5Gd and GdH2 

phases, each point depicted in the graph was calculated as 
an average of all measurements performed at the same 

distance from the center of the sample disk. As a result, 
the development of the average HV with the distance from 
the center r is displayed in Fig. 6(a) (so called HV line 
profiles). Evolution of microhardness exhibits the lateral 
inhomogeneity of the microstructure with an apparent 
minimum in the region near the centre and increasing 

values towards the disk periphery. Samples subjected to 
torsion straining (N > 0) exhibit remarkably higher  
HV compared to the sample that was only compressed  
(N = 0). The increase of HV is caused by increasing strain 
which rises both with the distance from the center r and 
the number of HPT rotations N, see Eq. (1). HV becomes 

saturated already for N > 5, which suggests that the 
microhardness is affected more by increased dislocation 
density and initial stages of refinement (including 
twinning) rather than by the development of fully UFG 
structure. In order to demonstrate the strengthening effect 
of HPT on mechanical properties the average value of HV 

was calculated from all measurements in the individual 
disks.  
 

 
 

Fig. 7. HV indent positioning for off/on phase HV determination (a) 

intend in the matrix, (b) indent in Mg5Gd phase. 
 

This dependence is plotted in Fig. 6(b) and indicates 
clearly the strong strengthening in the initial stages of 

straining (N  1) and the tendency to saturation for higher 

number of turns (N > 5) at the value of HV  145. Note 
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that, the HV of the solution treated material was 105  2, 
which is much higher than that of common commercial 
AZ31 Mg alloy (HV ~ 60) and also that the saturated HV 

of MgGd is higher by 25% than the microhardness of the 
AZ31 alloy processed by HPT (saturates at around HV ~ 
115) [18]. However, such measurement did not reveal 
whether this significant difference in hardness is caused 
by solid solution strengthening by Gd or Mg5Gd 
precipitates. In order to resolve this issue, precise 

microhardness measurement was used to characterize the 
differences between the matrix and Mg5Gd phase in 
individual specimens. Approximately 50 indents using 
small loads of 10 gf (HV 0.01) were carefully positioned 
in the matrix (off phases) and another 50 in the phase. 
Representative indents positioning is shown schematically 

in Fig. 7. The results of these measurements are plotted in 
Fig. 6(c). The microhradness of the Mg5Gd phase is 
superior to the microhardness of the matrix irrespective of 
the specimen. While the matrix HV increases during the 
initial deformation (N < 1) followed by the saturation, the 
HV of the phase is constant within the measurement 

uncertainty. The results of HV 0.1 measurement depicted 
in Fig. 6(b) fit well between the HV of the matrix and of 
the phase, as could be expected. However, from the 
values of HV of the matrix it can be seen that the achieved 
microhardness in Mg22Gd alloy is much higher than that 
of AZ31 even when the influence of Mg5Gd precipitates 

is omitted. It can be therefore concluded that Gd provides 
significant solid solution hardening even in highly 
deformed UFG conditions.  
 

Conclusions 

The microstructure and microhardness evolution in 
Mg22Gd alloy subjected to severe plastic deformation by 
HPT were investigated. 
The following conclusions may be drawn from this  
study: 
-  Large Mg5Gd and GdH2 particles were found in the 

solution treated alloy. These particles were 
continuously disintegrated by severe plastic 
deformation. 

-  HPT straining introduces the lateral inhomogeneity in 
the material which is manifested by inhomogeneous 
dislocation density and grain size throughout the radius 

of the disk. 
-  Massive twinning was observed in the initial stages of 

straining, and the twinning contributes to grain 
fragmentation. With increasing strain and decreasing 
grain size, the twinning is suppressed and further grain 
fragmentation is controlled by rearrangements of stored 
dislocations.  

- Bimodal distribution of grain sizes is formed after 
twinning is suppressed and the bimodality is 
continuously smeared out with increased strain due to 
fragmentation of all grains. Almost homogeneous 
ultrafine-grained structure was observed in the 
specimen after 15 HPT rotations. 

-  Mechanical properties were characterized by Vickers 
microhardness. Microhardness evolution is consistent 

with increased dislocation density and microstructure 
refinement.  

-  Microhardness saturates for N > 5 of HPT turns.  
-  Microhardness of Mg5Gd precipitates is significantly 

higher than that of the matrix. However, even the 
microhardness of the matrix (the solid solution of Gd in 
Mg) after HPT deformation significantly exceeds the 
microhardness of AZ31 alloy in comparable 
microstructural condition. This proves that Gd 
dissolved in Mg matrix provides significant solution 

strengthening.  
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