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Abstract. Precipitation effects in age-hardenable Mg-13wt.%Tb alloy were investigated in this 
work. The solution treated alloy was subjected to isochronal annealing and decomposition of the 
supersaturated solid solution was investigated by positron annihilation spectroscopy combined with 
transmission electron microscopy, electrical resistometry, differential scanning calorimetry and 
microhardness measurements. Peak hardening was observed at 200oC due to precipitation of finely 
dispersed particles of β’’ phase with the D019 structure. Vacancy-like defects associated with β’’ 
phase particles were detected by positron annihilation. At higher temperatures precipitation of β’ 
and subsequently β phase takes place. Formation of these phases lead to some additional hardening 
and introduces open volume defects at precipitate/matrix interfaces. To elucidate the effect of 
plastic deformation on the precipitation sequence we studied also a Mg-13wt.%Tb alloy with  ultra 
fine grained structure prepared by high pressure torsion. In the ultra fine grained alloy precipitation 
of the β’’ phase occurs at lower temperature compared to the coarse grained material and the peak 
hardening is shifted to a lower temperature as well. This effect can be explained by enhanced 
diffusivity of Mg and Tb atoms due to a dense network of grain boundaries and high density of 
dislocations introduced by severe plastic deformation. Moreover, dislocations and grain boundaries 
serve also as nucleation sites for precipitates. Hence, precipitation effects are accelerated in the 
alloy subjected to severe plastic deformation.  

Introduction 

Mg-Tb is a promising light hardenable alloy with a high creep resistance at elevated temperatures. 
The maximum solubility of Tb in Mg is 24 wt.% at the eutectic temperature of 559oC, i.e. relatively 
large, but it rapidly decreases at lower temperatures, e.g. at 200oC it becomes only 9 wt.% [1]. By 
rapid quenching from elevated temperatures a supersaturated solid solution of Tb in Mg can be 
obtained. With increasing temperature the supersaturated solid solution α’ decomposes obeying the 
following sequence [2]:  
 

 
α’ (hcp) →  β’’ (D019) → β’ (c-bco) → β (bcc, Mg24Tb5).       (1)  
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The β’’ transient phase with a hexagonal D019 structure is fully coherent with the hexagonal closed 
packed (hcp) Mg matrix and its lattice parameters are related to those of the Mg matrix as a = 2aMg, 
c = cMg. The β’ transient phase exhibits c-base centered orthorhombic (c-bco) structure with lattice 
parameters a = 2aMg, b ≈ 8d(1-1 0 0)Mg, c = cMg. Particles of the β’ phase are semicoherent with Mg 
matrix since in the (01-10) plane coherency is retained, but perpendicularly to this plane the 
coherency is lost. The stable β phase exhibits body centered cubic (bcc) structure and is incoherent 
with Mg matrix. The lattice mismatch between particles of semicoherent or incoherent phase and 
Mg matrix is compensated by open-volume misfit defects.  

Formation of finely dispersed second phase particles may cause a significant hardening and 
improved strength of Mg alloys. Using rare earth alloying elements Mg alloys with favorable 
strength and thermal stability have been developed [3]. However, a remaining disadvantage of these 
alloys is a poor ductility insufficient for industrial applications. Grain refinement is a well-known 
method to improve the ductility of metals. Severe plastic deformation (SPD) applied in an 
appropriate way enables the achievement of an extreme grain refinement and is capable of 
producing bulk materials with ultra fine grained (UFG) structure, see [4] for a review. A number of 
techniques based on SPD have been developed so far, however the strongest grain refinement was 
achieved by high pressure torsion (HPT) [5]. Extremely small grain size (~100 nm) leads to a 
significant volume fraction of grain boundaries which represent obstacles for movement of 
dislocations and cause a significant hardening additional to the age hardening effect caused by 
precipitates. As a consequence, the UFG metals are often characterized by a favorable combination 
of a very high strength and a reasonable ductility [4].  

Precipitation effects are influenced by concentration of nucleation sites and by the diffusivity of 
solutes. Dislocations enhance both these parameters. Therefore, a high dislocation density 
introduced by SPD may influence the precipitation processes. To elucidate this effect in this work 
we performed a detailed investigation of precipitation effects in conventional coarse-grained Mg-Tb 
alloy and in UFG Mg-Tb alloy prepared by HPT.  

Since defects play a very important role in the UFG materials we employed positron lifetime 
(LT) spectroscopy as a powerful tool for defect studies on the atomic scale. The LT spectroscopy is 
a well developed non-destructive technique with a high sensitivity to open volume defects (e.g. 
vacancies, dislocations etc.) and allows for identification of defects and determination of defect 
densities in the studied material [6]. In the present work, LT spectroscopy was combined with 
Vicker’s microhardness (HV) testing, electrical resistometry, differential scanning calorimetry 
(DSC) and transmission electron microscopy (TEM).  

Experimental 

Samples. Binary Mg-13wt.%Tb (Mg13Tb) alloy was produced by squeeze casting under a 
protective gas atmosphere (Ar + 1%SF6). The as-cast alloy was solution treated at 530oC for 6h in a 
vertical furnace with a protective Ar atmosphere. The solubility of Tb in Mg is 22 wt.% at 530oC 
and annealing for 8h was found to be sufficiently long to dissolve Tb completely in the Mg matrix 
[7]. The solution treatment was finished by quenching into water of room temperature. The content 
of Tb determined in the solution treated sample by chemical analysis was 13.3 wt.%.  

Another solution treated Mg13Tb sample was deformed by HTP at room temperature using 
hydrostatic pressure of 6 GPa and performing 5 HPT revolutions.   

Methods of characterization. Positron lifetime (LT) investigations were performed using a fast-
fast LT spectrometer equipped with BaF2 scintillators and Photonis XP2020/Q photomultipliers. 
The LT spectrometer exhibits excellent time resolution of 150 ps (FWHM 22Na) and its detailed 
description is given in Ref. [8]. At least 107 annihilation events were accumulated in each LT 
spectrum using ≈ 1 MBq 22Na2CO3 positron source deposited on a 2 µm thick mylar foil. The TEM 
observations were carried out on a JEOL 2000 FX electron microscope operating at 200 kV. A 
Struers Duramin 300 hardness tester was employed for microhardness measurements by Vicker’s 
technique using a load of 100 g applied for 10 s. Relative changes of electrical resistivity were 
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measured by the standard four-point method at 77 K with a dummy specimen in series. The 
influence of parasitic thermopowers was suppressed by the commutation of the measuring current.  
Relative electrical resistivity changes ∆ρ/ρ0 were obtained to an accuracy of 10-4. DSC 
investigations were carried out on a Netsch DSC 200 F3 apparatus with Al2O3 crucibles. DSC 
curves were measured at various heating rates from 1 K/min to 20K/min in a nitrogen protective 
atmosphere. 

Isochronal annealing. After characterization of the initial state (i.e. solution-treated or as-
deformed sample) the samples was subjected to step-by-step isochronal annealing. For LT and HV 
measurements the isochronal annealing was performed in steps 20oC/20 min, while for electrical 
resistometry 30oC/30 min steps were used. Hence, in all cases the effective heating rate was 1 
K/min. Annealing was performed in silicon oil bath up to 250oC and in an electrical furnace at 
higher temperatures. Each annealing step was finished by quenching into water. Subsequent LT, 
HV and TEM investigations were performed at room temperature. Electrical resistometry was 
performed in liquid nitrogen at temperature 77 K. DSC measurements were performed with heating 
rates 1, 2, 5, 10 and 20 K/min. From positions of the DSC peaks at various heating rates the 
activation energy of undergoing precipitation process was determined using the Kissinger’s plot.      

 

Figure 1  Light microscopy image of solution-treated Mg13Tb alloy. 
 

Results 

Solution treated alloy. Fig. 1 shows light microscopy image of solution treated alloy. The sample 
exhibits a coarse grain size around 100 µm. Hardness decreased after solution treatment from the 
value HV = 88 ± 3 measured in the as cast alloy down to HV = 75 ± 3. This is obviously due to 
recovery of dislocations created during casting and cutting and dissolution of precipitates existing in 
the as-cast alloy. A single component spectrum with positron lifetime of 222.0 ± 0.5 ps was 
measured on the solution treated alloy by LT spectroscopy. This lifetime is in a reasonable 
agreement with the bulk positron lifetime in well-annealed Mg [9] which testifies that the solution 
treated alloy exhibits a very low density of defects. 
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Figure 2 Temperature dependence of microhardness in solution treated alloy (full points) and HPT-
deformed alloy (open points). Peak hardening temperature in solution treated and HPT-deformed 
alloy is indicated by the solid and dashed line respectively. 

 
The temperature dependence of HV measured on the solution treated alloy subjected to 

isochronal annealing is plotted in Fig. 2, while Fig. 3(A) shows relative changes of electrical 
resistivity ∆ρ/ρ0. The negative derivative of the electrical resistivity curve with respect to 
temperature (so-called resistivity annealing spectrum) is plotted in Fig. 3(B). A significant rise of 
HV occurs after annealing above 100oC, see Fig. 2, and is accompanied by a strong decrease of 
electrical resistivity in the temperature range 80 - 180oC. This gives clear evidence that precipitation 
takes place in the sample. Indeed, TEM investigations performed on the sample annealed at 180oC 
revealed precipitation of the transient β’’ phase with D019 structure. However, β’’ phase particles 
are too fine to be resolved in the bright-field TEM image, see Fig. 4(A), and could be identified 
only from the electron diffraction pattern which is shown in Fig. 4(B). Very small size of β’’ phase 
particles is demonstrated also by diffusion character of the diffraction spots in Fig. 4(B).  

In the Mg13Tb alloy annealed above 100oC an additional component with lifetime τ2 ≈ 256 ps 
appeared in the LT spectrum. This testifies that new defects were created in the sample and some 
positrons annihilated in trapped state at these defects. The temperature dependence of the relative 
intensity I2 of positrons trapped at defects is plotted in Fig. 5. The lifetime τ2 ≈ 256 ps represents a 
contribution of positrons trapped at vacancy-like defects associated with β’’ phase particles [9]. 
Hence, although β’’ phase is coherent with Mg matrix, in the early stages of precipitation the β’’ 
phase particles contain vacancy-like defects. This is not surprising since the formation of β’’ phase 
particles occurs by thermally activated diffusion of Tb atoms via the vacancy mechanism. Hence, in 
the early stages of precipitation the structure of the β’’ phase particles is far from being perfect and 
contains vacancies. Similar effect was observed in the early stages of precipitation in Mg-Gd alloys 
[9]. The intensity of positrons trapped at vacancy-like defects achieves a maximum at 180oC. 
Annealing at higher temperatures leads to a development of the β’’ phase precipitates with a well 
defined structure and vacancies are gradually annealed out which is reflected by a decrease in 
intensity of positrons trapped at defects.  
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Figure 3 Results of electrical resistometry for solution-treated Mg13Tb alloy: (A) relative changes 
of electrical resistivity ∆ρ/ρ0 for the sample subjected to isochronal annealing, (B) annealing 
spectrum of electrical resistivity, i.e. the negative derivative of the relative changes of electrical 
resistivity with respect to temperature. 
 

One can see in Fig. 2 that peak hardening is achieved at 200oC. Further annealing at higher 
temperatures leads to a decrease in HV due to growth and/or dissolution of the β’’ phase particles. 
Dissolution of the β’’ phase particles is testified also by an increase of electrical resistivity which is 
clearly seen in Fig. 3(A).   
 

From comparison of HV and LT measurements one can notice that the intensity of trapped 
positrons becomes maximal at 180oC, i.e. at temperature about 20oC lower than the peak hardening 
temperature. This happens because the maximum hardening is achieved when finely dispersed 
coherent precipitates with well defined relationship with the Mg matrix are developed, while 
contribution of trapped positrons is largest for β’’ phase particles with a defected structure formed 
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in the early stages of precipitation. The maximum rate of the resistivity decrease is achieved already 
at temperature of 140oC and corresponds to the peak position in the resistivity annealing spectrum 
plotted in Fig. 3(B). This happens because the resistivity is strongly influenced by the concentration 
of Tb atoms dissolved in Mg matrix, which drops in the early stages of precipitation due to 
clustering of Tb atoms.  

 

 
Figure 4 Microstructure of solution-treated Mg13Tb alloy annealed at 180oC: (A) a bright-field 
TEM image, (B) selected area electron diffraction pattern in [0001] orientation containing in 
addition to diffraction spots from Mg matrix also diffuse spots corresponding to fine β’’ phase 
particles with D019 structure. 

 
A single exothermic peak was observed on DSC annealing curves measured at various heating 

rates. For the heating rate dT/dt  = 1 K/min (i.e. the same heating rate as that used in LT, HV and 
electrical resistivity measurements) the maximum of this peak was observed at temperature of 
140oC which testifies that the process of β’’ phase formation was detected by DSC. With increasing 
heating rate the temperature Tm corresponding to the maximum of the DCS peak was shifted to 
higher temperatures. DSC data were analyzed using the Kissinger method [10]. For a single 
precipitation process the peak temperature Tm obeys the equation:  

,
1

ln
2

C
RT

E

Tdt

dT

mm

+−=







          (2) 

where C is a constant, E is the activation energy of the precipitation process, and R the gas 
constant. Fig. 6 shows the Kissinger plot, i.e. ln[(dT/dt)(1/Tm)2] plotted versus 1/Tm, created using 
the data from the DSC curves measured at various heating rates. Obviously the points in the 
Kissinger plot fall on a straight line, which testifies that Eq. (2) holds, see Fig. 6. From the slope of 
the Kissinger plot one obtains the activation energy for the formation of the β’’ phase precipitates E 
= (97 ± 4) kJ mol.-1 This value is higher than the activation energy of ≈ 75 kJ mol-1 determined for 
Guinier-Preston zone formation in Mg-Nd alloy [11] but agrees well with the activation energy for 
precipitation of β’’ phase plates with D019 structure in Mg–Nd–Gd–Zr alloy (111 ± 2) kJ mol-1 
determined recently by SAXS [12]. This supports the picture that the exothermic peak observed in 
DSC annealing curves can be attributed to the formation of the β’’ phase precipitates.     
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Figure 5 Results of LT measurements of solution-treated Mg13Tb alloy subjected to isochronal 
annealing: temperature dependence of intensity I2 of positrons trapped at defects. 

 
 
 
 

 
Figure 6 Kissinger plot constructed from positions Tm of peaks corresponding to formation of β’’ 
phase in the DSC annealing curves measured with various heating rates dT/dt. 

 
One can see in Fig. 2 that after a drop at 260oC HV increases again with temperature and exhibits 

a local maximum at 280oC caused by precipitation of the β’ phase with c-bco structure. Since the β’ 
phase precipitates are semi-coherent with the Mg matrix misfit defects are created at the interfaces 
which are not parallel with the (01-10) plane. Because of positron trapping at misfit-defects, 
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precipitation of the β’ phase is accompanied by an increase in the intensity of positrons trapped at 
vacancy-like defects, see Fig. 5. Since the volume fraction of β’ phase formed in Mg13Tb alloy is 
relatively low, there is only a slight response of electrical resistivity to formation of this phase (see 
Fig. 3). Because of the same reason it was impossible to detect the formation of the β’ phase on 
DSC annealing curves.  

Annealing above 280oC leads to growth and subsequently dissolution of the β’ phase precipitates 
which is accompanied by decreasing HV and the intensity of positrons trapped in misfit defects. 
Complete dissolution of the β’ phase occurs at 400oC where I2 becomes zero.    

At elevated temperatures above 400oC there is a very slight hardening peak caused by 
precipitation of the stable β phase. This is accompanied by a rise of the intensity I2 because 
positrons are trapped at misfit defects created between incoherent β phase precipitates and Mg 
matrix. The formation of β phase could not be detected by electrical resistivity and DSC due to  low 
volume fraction of precipitating particles. Finally at 500oC the solid solution of Tb in Mg is 
restored.      

HPT-deformed alloy. In HPT processing, a disk-shaped sample with diameter of 10 mm located 
between two anvils is subjected to a compressive pressure of several GigaPascals (here 6 GPa) and 
simultaneously strained by a rotating anvil. The shear strain imposed on the disk during HPT 
processing increases with the radial distance r from the sample disk center (corresponding to the 
rotation axis). The homogeneity of HPT-deformed specimen across the sample disk was checked by 
HV measurement at various distances r from the centre. As shown in Fig. 7 no systematic variations 
of HV with r were observed. Hence, the structure of HPT-deformed sample can be considered as 
reasonably uniform across the whole sample disk.        
 

 

Figure 7 Dependence of microhardness HV on the radial distance r from the center of the HPT-
deformed sample disk. Each point in the figure was calculated as an average of several 
measurements at various points on the sample with the same distance from the center. 
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A TEM micrograph of HPT-deformed Mg13Tb alloy is shown in Fig. 8. The sample exhibits 
UFG structure with a mean grain size ≈100 nm and a high density of dislocations introduced by 
severe plastic deformation. The electron diffraction pattern (inset in Fig. 8(A)) testifies high-angle 
miss-orientation of neighboring grains. No precipitates were observed in the as-deformed sample by 
TEM, i.e. it can be considered as a supersaturated solid solution of Tb in Mg. HPT-deformed 
sample exhibits hardness of 115 ± 1, which is about of 50% higher than in the solution-treated 
alloy. This substantial hardening is due to grain refinement and dislocations introduced by HPT 
deformation. The LT spectrum of HPT-deformed sample consists of a shorter component with 
lifetime τ1 ≈ 210 ps representing a contribution of free positrons and a longer component with 
lifetime τ2 ≈ 256 ps and relative intensity I2 ≈ 50 % which comes from positrons trapped at 
dislocations. Using the two state  trapping model [6] and the specific trapping rate for dislocations 
in Mg ν = 1 × 10-4 m2s-1 [13] dislocation density of (1.5 ± 0.5) × 1014 m-2 was estimated in the HPT-
deformed sample.   

 
 
 

 

 

Figure 8 Microstructure of HPT-deformed Mg13Tb alloy: (A) bright field TEM image, (B) dark 
field image; electron diffraction pattern is shown in the inset. 

 
The temperature dependence of microhardness in HPT-deformed Mg13Tb alloy subjected to 

isochronal annealing is plotted in Fig. 2 (open points). The hardening peak due to precipitation of 
finely dispersed coherent particles the β’’ phase is clearly visible. Moreover, from inspection of Fig. 
2 one can conclude that precipitation of the β’’ phase starts already at 100oC, i.e. at about of 20oC 
lower temperature than in the coarse-grained alloy. Also the peak hardening in HPT-deformed 
sample is achieved at a lower temperature than in the coarse-grained alloy, see Fig. 2. This effect is 
obviously due to UFG structure and high dislocation density in HPT-deformed alloy. The 
significant volume fraction of grain boundaries and high dislocation density enhances the diffusivity 
of Mg and Tb atoms due to diffusion along grain boundaries or dislocation lines. Moreover, 
dislocations may serve as nucleation centers for precipitates. Due to these factors precipitation of 
the β’’ phase is accelerated in HPT-deformed alloy. Moreover, the precipitation hardening caused 
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by the β’’ phase in HPT-deformed sample is ∆HV = 25 ± 3, which is about 60% higher than in the 
solution treated alloy (∆HV = 16 ± 2). This indicates that β’’ phase particles in HPT-deformed 
sample are finer than in the coarse-grained alloy due to higher density of nucleation sites.  

Above 220oC recrystallization takes place in the HPT-deformed sample leading to a significant 
softening since deformed UFG matrix with high dislocation density is gradually replaced by coarser 
dislocation-free recrystallized grains. The hardening peak caused by precipitation of the β’ phase is 
hidden in HPT-deformed alloy due to softening by recrystallization occurring simultaneously, see 
Fig. 2. Recrystallization in HPT-deformed sample is finished at 360oC and hardness becomes 
comparable with that of coarse-grained alloy.     

 

 

Figure 9 Comparison of peak hardness for conventional coarse grained samples (left vertical bars) 
and HPT-deformed samples (right vertical bars) for pure Mg and various Mg-alloys with rare earth 
alloying elements. The numbers in the figures show relative increase of peak hardness in HPT-
deformed sample. 

 

Discussion 

Comparison of precipitation processes in Mg13Tb alloy in solution-treated state characterized by 
coarse grains and very low dislocation density and HPT-deformed sample which exhibits UFG 
structure and high density of dislocations revealed that precipitation is enhanced in the HPT-
deformed alloy due to the higher diffusivity of Mg and Tb atoms and due to the high density of 
nucleation centers for the second phase particles. As a consequence, precipitation of metastable 
phases occurs at lower temperatures in HPT-deformed samples than in common coarse-grained 
alloys. This seems to be a general phenomenon which was observed also in other age-hardenable 
Mg alloys with rare earth alloying elements. For example, the peak hardening in HPT-deformed 
Mg-9wt.%Gd occurs at temperature which is about of 80oC lower than peak hardening temperature 
in a coarse-grained alloy [14]. Similarly peak hardening in HPT-deformed Mg-3wt.%Tb-2wt.%Nd 
alloy was found to be shifted to 100oC lower temperature compared to the corresponding coarse-
grain alloy [15]. Detailed investigations of Mg-15wt.%Gd alloy subjected to various deformation 
[16] revealed that the shift of peak hardening to lower temperatures becomes more pronounced with 
increasing strain.  
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Moreover, the hardness of HPT-deformed Mg-alloys is significantly higher than the peak 
hardness of their coarse grained counterparts. This is demonstrated in Fig. 9 which shows a 
comparison of the peak hardness achieved in coarse grained alloy and HPT-deformed sample. 
Obviously Mg-alloys with UFG structure exhibits enhanced peak hardness. This is due to the 
combined effect of hardening due to very small grain size, high density of dislocations and in most 
cases also a finer size of second phase precipitates formed during age hardening. Interestingly, 
because of the UFG structure HPT-deformed Mg-alloys exhibit not only higher hardness but also 
enhanced ductility compared with the coarse grained alloys [17]. Obviously this is very important 
for improving of the workability of age-hardenable Mg-alloys which is still not satisfactory.           

 

Summary 

Precipitation effects in coarse-grained Mg13Tb alloy and HPT-deformed alloy with UFG structure 
were investigated. It was found that peak hardening in Mg13Tb alloys is caused by precipitation of 
finally dispersed β’’ phase with D019 structure. Formation of β’’ phase was detected also by 
electrical resistometry and differential scanning calorimetry. Positron lifetime spectroscopy 
revealed that in the early stages of precipitation β’’ phase particles contain vacancy-like defects. 
Further precipitation of semi-coherent β’ phase and incoherent β phase has a smaller hardening 
effect and introduces misfit defects at precipitate/matrix interfaces. In HPT-deformed alloy 
precipitation of β’’ phase occurs at lower temperature due to enhanced diffusivity of Mg and Tb 
atoms and β’’ phase particles are finer because of the higher density of nucleation sites. 
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