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Mg-Gd represents a promising light hardenable alloy with a high creep resistance even at elevated tem-
peratures. A disadvantage of this alloy consists in a low ductility. Recently it has been demonstrated that 
ultra fine grained (UFG) metals with grain size around 100 nm can be produced by high pressure torsion 
(HPT). A number of UFG metals exhibit favourable mechanical properties consisting in a combination of 
a very high strength and a significant ductility. The HPT processing creates a high density of defects, es-
pecially dislocations, in UFG material. These defects play key role in the specific physical properties of 
UFG materials. Defects studies of UFG materials are, therefore, very important for understanding of their 
unusual properties. Positron lifetime (PL) spectroscopy is one of the most powerful techniques for inves-
tigations of open-volume defects. In the present work we employed PL spectroscopy for defect studies of 
UFG Mg-Gd alloys prepared by HPT. The PL investigations were combined with transmission electron 
microscopy, X-ray diffraction, and microhardness measurements. At first, the microstructure of the as-
deformed specimens was characterized. Subsequently, the specimens were isochronally annealed and the 
development of microstructure with increasing temperature was investigated.  

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 

1 Introduction Lightweight Mg-based alloys allow for a significant weight reduction especially 

important in automotive and air industry. However, the applicability of Mg alloys is limited due to a 

degradation of their mechanical properties at elevated temperatures. This problem was successfully 

solved using rare Earth alloying elements [1]. Mg-Gd system represents a promising novel hardenable 

material with high creep resistance even at 300 oC [2]. A remaining problem of this alloy is relative poor 

ductility insufficient for industrial applications. Grain refinement could be a way how to improve ductil-

ity of this material. Recently it has been demonstrated that UFG metals with grain size around 100 nm 

can be produced by HPT [3]. A number of UFG metals exhibit favourable mechanical properties consist-

ing in a combination of very high strength and a sufficient ductility. For this reason, it is highly interest-

ing to examine microstructure and physical properties of UFG Mg-based light alloys. Following this 

purpose, microstructure investigations of HPT deformed Mg-9.33wt.%Gd (Mg10Gd) were performed in 

the present work using positron lifetime (PL) spectroscopy combined with transmission electron micros-

copy (TEM), X-ray diffraction (XRD) and Vicker microhardness (HV) measurements.    
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2 Experimental The Mg10Gd alloy was prepared by squeeze casting followed by solution treatment 

at 500 oC for 6 hours finished by quenching into water of room temperature. The UFG samples were 

prepared by HPT at room temperature up to the true logarithmic strain e = 7 under a high pressure of 6 

GPa [3]. The HPT deformed samples were disk shaped with diameter of 12 mm and thickness of 0.3 

mm. The isochronal annealing was performed step-by-step (20 oC/20 min) in a silicon oil bath and a 

vertical furnace with protective Ar atmosphere. Each annealing step was finished by quenching and mi-

crostructure investigations at room temperature. A fast-fast spectrometer similar to that described in [4] 

with timing resolution 160 ps was employed in the present work. Diameter of the positron source spot 

was ≈4 mm and PL measurements were carried out at the centre of the studied samples. The TEM obser-

vations were performed on the JEOL 2000 FX electron microscope operating at 200 kV. The XRD stud-

ies were carried out with the aid of HZG4 (Seifert-FPM) powder diffractometers using Cu Kα radiation. 

The HV measurements were performed by the Vickers method at the load of 100 g applied for 10 s using 

the LECO M-400-A hardness tester. 

 
2 Results and discussion The TEM observations showed that the solution treated Mg10Gd alloy 

exhibits coarse grains and a low dislocation density ≤ 1012 m–2. Two components were found in the PL 

spectrum of the solution treated alloy, see Table 1. The dominant contribution comes from free positrons. 

In addition, there is a weak component with lifetime ≈300 ps. It can be attributed to quenched-in vacan-

cies bound to Gd atoms [5]. 
 

Table 1 The lifetimes τi and corresponding relative intensities Ii of the components resolved in PL spec-
tra (except of the source contribution). HV values are shown in the last column. In case of HPT deformed 
sample, HV in the centre and at the margin of the sample are given. The errors (one standard deviations) 
are given in parentheses. 

Sample τ1 (ps) I1 (%) τ2 (ps) I2 (%) HV 0.1 

Mg annealed 280oC/30 min 225.3(4) 100 - - 33(2) 

Mg10Gd solution treated 220(4) 90.9(6) 301(9) 9.1(7) 68(3) 

HPT deformed Mg10Gd  210(3) 34(2) 256(3) 66(2) 167(4)-233(4) 

Fig. 1 (a) A bright field TEM image of HPT deformed Mg10Gd, (b) temperature dependence of the intensity I2 of 
trapped positrons. The lifetime τ2 = 256 ps does not change with temperature. 
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Fig. 2 (a) Dependence of HV on the radial distance r from the centre of the specimen for the HPT deformed 
Mg10Gd, (b) Temperature dependence of HV for the HPT deformed Mg10Gd. 

 

Fig. 3 A bright TEM image of the HPT deformed Mg10Gd alloy annealed up to (a) 300 oC, (b) 380 oC. 
 

A bright-field TEM image and an electron diffraction pattern for the HPT deformed Mg10Gd alloy are 

shown in Fig. 1a. The sample exhibits uniform UFG microstructure with the mean grain size about 100 

nm. The electron diffraction pattern shows high-angle missorientation of the neighboring grains. A high 

density of homogeneously distributed dislocations was observed. It is not possible to distinguish the 

individual dislocation line on the TEM images. A high number of dislocations cause a significant broad-

ening of the XRD profiles, see [6] for details. A lower broadening of (000l) profiles with respect to other 

peaks indicates dominating presence of <a> dislocations with Burgers vector 1/3.a. [ ]0112 . A weak 

(0001) texture was found by XRD [6]. The PL spectrum of the HPT deformed Mg10Gd alloy consists of 

two components, see Table 1. The first component with the lifetime τ1 comes from free positrons, while 

the second component with higher intensity and lifetime τ2 = 256 ps represents a contribution of posi-
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trons trapped at dislocations. Figure 2a shows HV as a function of the radial distance r from the centre of 

the sample. An increase of HV with r indicates that dislocation density increases from the centre of the 

sample towards the margin. The reason is that the strain in torsion deformation increases with the radial 

distance from the centre of rotation, i.e. the largest deformation occurs at the margin of the sample.  

After characterization of the as-deformed microstructure, the samples were subjected to isochronal an-

nealing. Decomposition of the supersaturated solid solution (sss) in coarse-grained Mg10Gd alloy takes 

place in the sequence sss → β’’ (D019) → β’ (cbco) → β (Mg5Gd, cubic) [2, 5]. The β’’ and β’ are 

metastable phases, while β formed at higher temperatures is a stable phase. The PL spectra of isochron-

ally annealed UFG Mg10Gd consisted of two components with lifetimes τ1 (free positrons) and τ2 (posi-

trons trapped at dislocations). The lifetime τ2 = 256 ps did not change with temperature (except of statisti-

cal fluctuations) indicating that the nature of positron traps remains unchanged. Temperature dependence 

of the intensity I2 is plotted in Fig. 1b, while Fig. 2b shows HV as a function of the annealing temperature. 

A radical decrease of I2 in the temperature interval (100-240) oC directly indicates a significant recovery 

of dislocations. A slight local increase of I2 at 100 oC is likely due to formation of the β’’ phase as con-

firmed by coincidence Doppler broadening [5]. However, the β’’ phase particles are very fine (≤ 10 nm) 

because they were not observed by TEM. One can see in Fig. 2b that HV exhibits an abrupt decrease after 

annealing to 80 oC, i.e. there is a substantial softening, which takes place prior to the recovery of disloca-

tions. It occurs likely due to a relaxation of the stresses introduced into the sample by HPT or a rear-

rangement of dislocations. The TEM observations confirmed a decrease of dislocation density in the tem-

perature range (100-240) oC, but no grain growth was seen. Thus, the recovery of dislocations is not ac-

companied by recrystallization. A TEM image of the sample annealed up to 300 oC is shown in Fig. 3a. 

The grains are almost free of dislocations, but the grain size remains still around 100 nm. Grain growth 

was observed only after annealing at 380 oC, see Fig. 3b. It demonstrates exceptionally good thermal sta-

bility of UFG structure in the HPT deformed Mg10Gd. A local maximum of I2 seen at 300 oC (Fig. 1b) is 

due to precipitation of the equilibrium β phase which was identified by TEM. Positrons are trapped at the 

misfit defects between the incoherent β phase particles and the matrix. Contrary to the coarse-grained 

sample [5], precipitation of the metastable β’ phase is omitted in UFG Mg10Gd and the stable β phase is 

formed at significantly lower temperatures. Coarsening of the β phase particles causes subsequent de-

crease of I2. Above 450 oC, the β phase particles dissolve and the solid solution is restored. 

 

4 Conclusions Defects in HPT deformed Mg10Gd and their recovery with temperature were investi-

gated by PL spectroscopy combined with other techniques. The HPT deformed specimen exhibits UFG 

microstructure with high density of dislocations and grain size ≈100 nm. Recovery of dislocations occurs 

in the temperature range (100-240) oC, but is not accompanied by grain growth. The grain size remains 

around 100 nm up to ≈ 350 oC. Contrary to the coarse grained alloy, metastable β’ phase does not form 

in UFG Mg10Gd and the precipitation of the stable β phase is shifted to significantly lower temperatures. 
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