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Abstract. The discovery of the superconductivity of MgB2 was of great importance, 
because this material is one of the few known binary compounds and has one of the 
highest critical temperatures (39° K). As MgB2 is a granular compound, it is 
fundamentally important to understand the mechanisms of the interaction of the defects 
and the crystalline lattice, in addition to the eventual processes involving the grain 
boundaries that compose the material. In this sense, the mechanical spectroscopy 
measurements constitute a powerful tool for this study, because through them we can 
obtain important information about phase transitions, the behavior of interstitial or 
substitutional elements, dislocations, grain boundaries, diffusion, instabilities, and other 
imperfections of the lattice. For this paper, the samples were prepared using the PIT 
method and were characterized by density, X-ray diffraction, scanning electron 
microscopy, electric resistivity, magnetization, and mechanical spectroscopy. The 
samples were measured in their as-cast condition and after an ultra-high-vacuum heat 
treatment. The results showed complex spectra, in which were identified relaxation 
processes due to dislocation movement, interaction among interstitial elements and 
dislocations, auto-diffusion, and movement of grain boundaries. Some of these 
processes disappeared with the heat treatment. 

Introduction 
Magnesium diboride (MgB2) has been known since the 1950s; however, its 
superconducting properties were not known at the time. In 2001, Nagamatsu et al. [1] 
cooled this material and observed superconducting behavior at a critical temperature 
(Tc) of approximately 39° K, making it a compound that exhibits the largest critical 
temperature for a non-cuprate and compounds belonging to the C60 family. This 
compound has become a promising material for technological applications, due to its 
easy processing and other properties such as high current density and great resistance to 
external magnetic fields, besides being cheap.  

Recent calculations of electronic density indicate the coexistence of a strong covalent 
bond in the boron planes and metallic bonds between the magnesium and boron planes. 
Based on the BCS theory, the high Tc in this material was attributed to a strong 
connection between resonant states of electronic densities in the Fermi level and high 
phonon frequencies [2]. For this reason the electron-phonon interaction reveals a great 
relevance mechanism to explain the superconducting properties in this material.  

The mechanical spectroscopy measurements are an important tool to obtain 
information regarding the imperfection’s behavior in materials. It is a non-destructive 
test that supplies important information about the interaction of these imperfections and  
the crystalline lattice [3]. Those imperfections produce a behavior known as 
anelasticity, of which the internal friction is a manifestation through the relaxation 
processes. In these processes, the equilibrium states change with time under the action 
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of an applied external mechanical stress. When the stress is removed, the order state is 
restituted. Microscopically, the internal friction can be considered as the result of the 
interaction between the local distortions and external applied stresses [4].  

Mechanical spectroscopy measurements in pure magnesium showed two relaxation 
peaks. The first, located around 373° K, was associated with the dislocation motion in 
the basal plane, and a second, located around 503° K, was associated with the sliding of 
grain boundaries of the material [5]. 

This paper presents a study of the heat treatment in the anelastic properties of MgB2 
using mechanical spectroscopy measurements. The results showed complex relaxation 
spectra, which were explained in terms of relaxation processes due to dislocation 
movement, interaction among interstitial elements and dislocations, auto-diffusion, and 
movements of grain boundaries. 

Experimental Part 
The samples were prepared in the Institute of Superconducting and Electronic Materials, 
University of Wollongong, Australia, using the in situ powder-in-tube (PIT) method [6]. 
The samples were sintered in argon for one hour at a temperature of 850º C and fast-
cooled to room temperature. The resulting samples had a diameter of 3 mm and a length 
of 50 mm. After the preparation, one of the samples was submitted to annealing in an 
ultra-high-vacuum with a heating rate of 10º C/min until 450º C, where were left for 30 
min, after which it was slowly cooled to room temperature. The as-cast sample was 
labeled MB#1 and the annealed sample was labeled MB#2. 

The structural characterization of the samples was analyzed by X-ray diffraction 
(XRD) measurements using a Rigaku D/MAX 2200 diffractometer at room temperature, 
utilizing CuKα radiation and operating under 40 kV/30 mA. The measurements were 
obtained using the fixed time mode, with 0.02o stepsize. The microstructural 
characterization was made using a FEI model XL30 FEG scanning electron microscope 
operating at 20 kV. The superconducting characterization was made by electrical 
resistivity using the four-probe technique and by magnetic susceptibility using a SQUID 
susceptometer. 

Mechanical spectroscopy measurements were performed in a torsion pendulum 
operating with a frequency in the interval of 4 to 30 Hz in a temperature range of 100 to 
700° K, with a vacuum better than 10-6 Torr and heating rate of approximately 1° 
K/min. The data were obtained by an automatic system which measures the angular 
velocity of the pendulum around the equilibrium position [7]. 

Results and Discussion 

Figs. 1 and 2 show the micrographs of the MgB2 samples, in the as-cast condition 
(MB#1) and after the annealing (MB#2). By a qualitative analysis of the figures, one 
can observe a material with a large number of pores, besides the coexistence of open 
and closed pores. This large number of pores is due to the processing and is responsible 
for the low mechanical resistance of the compound, making it very fragile. For the 
sample MB#2 it can be observed that the annealing propitiated a significant increase in 
the number of pores, along with an apparent growth of the grains. This fact was 
expected, once the porosity calculations through density measures indicated MB#2 
would have with a higher level of porosity in comparison with the sample MB#1.  

Fig. 3 shows the X-ray difractograms for the MB#1 and MB#2 samples. Comparing 
the difractograms with MgB2 data on the Powder Diffraction Standard , it was observed 
that all the characteristic peaks of the “honeycomb” structure of the material were 
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observed. Although the MgO characteristic peaks were observed, their presence at this 
phase did not change the superconducting properties of the sample, as will be seen later 
in the electric resistivity and magnetization measurements. The Rietveld analyses 
showed that the MB#1 sample possesses 89.3% of MgB2 and 10.7 of MgO phases, 
while for the MB#2 sample the numbers were 88.6% of MgB2 and 11.4% of MgO 
phases.  

 

Fig. 1 – SEM for the MB#1 sample. Fig. 2 – SEM for the MB#2 sample. 

 
Fig. 4 shows the electrical resistivity curves obtained for the samples MB#1 and 

MB#2. Through the graphs was obtained a value of approximately 37° K of the critical 
temperature for the MB#1 and MB#2 samples. Small saliencies can be observed in the 
normal state of the sample MB#1 and a “shoulder” in the proximities of the Tc, where 
one can observe two small transitions - the first at 37° K and the second at 34° K. In the 
MB#2 sample it was observed that the “small saliencies” in the normal state of the 
curve were softened, besides exhibiting a more narrow superconducting transition, 
showing that the annealing provided an homogenization of the sample.  
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Fig. 3 – X-ray difractograms for the MB#1 and 
MB#2 samples. 

Fig. 4 – Electrical resistivity for the MB#1 and 
MB#2 samples. 

 
Fig. 5 shows the magnetization curves for the MB#1 and MB#2 samples. Through 

the magnetization curves was obtained a critical temperature of approximately 39° K for 
the MB#1 sample and of approximately 38° K for the MB#2 sample, showing that the 
annealing did not change the superconducting properties of the material, presenting 
critical temperatures very close to each other. However, it can be observed that the 
superconducting volumetric fraction of MB#2 significantly increased at the same time 
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as the diamagnetism, showing that the annealing might have provided a better quality 
sample.  

Fig. 6 shows the spectra of friction measured with a frequency of 16 Hz, obtained for 
the MB#1 and MB#2 samples. In analyzing the anelastic spectrum before the heat 
treatment, a broad peak was observed in the temperature range between 100 and 300° 
K, and two smaller peaks above 300° K. This broad peak apparently is composed of 
almost three relaxation processes. Two smaller peaks complete the spectrum.  
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Fig. 5 – Magnetization for the MB#1 and MB#2 

samples. 
Fig. 6 – Internal friction for the MB#1 and MB#2 

samples. 
 

After the annealing, there was an apparent presence of the same relaxation processes 
as observed previously, but with a smaller intensity. The relaxation structure (peak) was 
located around 200° K, but there appeared no significant alteration in the intensity. In 
the relaxation structures located in the proximities of 250° K and 300° K, there was a 
great decrease in the intensity. It seems the relaxation structure located around 400° K 
disappeared with the sample annealing, while the relaxation structure located around 
450° K passed by an enlargement. In addition, in the proximity of 500° K an increase of 
the internal friction could be observed after the annealing, suggesting the existence of 
other processes in the region above this temperature.  

Several types of defects introduce distortions in the lattice. Such distortions can be 
very complicated, involving the formation of different bonds. However, what is 
important for the anelasticity is only the macroscopic state of the sample (length, torsion 
angle, etc.) which are the sum of the long-range components of the distortions for all of 
the defects, supposedly uniformly distributed. The long-range component of the 
deformation due to the defect is called the elastic dipole, in analogy with the electric and 
magnetic dipoles in the dielectric and magnetic relaxations [3].  

The results of the mechanical spectroscopy in MgB2 are quite scarce in the literature. 
To our knowledge, the only paper involving this technique was presented by Cordero et 
al. [8], where they measured the anelastic spectrum of this material in the temperature 
range between 1 and 620° K, with a frequency of the order of 5 kHz. In this paper, the 
authors observed two broad relaxation processes. The first one, with a temperature of 
100° K order, was attributed to the effects of the boron atoms’ vibration modes. The 
second one, with a temperature of 475° K order and activation energy of 0.89 eV, was 
attributed to the migration of Mg atoms in the material. The authors cite traces of 
another relaxation process located in high temperatures, probably due to the grain-
boundaries motion, but it was not possible to observe it owing to experimental 
limitations.  
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By a qualitative analysis of Fig. 6, it is clear that some relaxation does not appear in 
the spectrum of the MB#2 sample. This indicates that the annealing caused the 
expulsion of some elements that can be responsible for such relaxation processes, along 
with a possible homogenization of the sample in the context of grain-boundaries and 
dislocations. These peaks can be explained in terms of the interaction among defects 
(point and linear defects) with the crystalline lattice of the material in agreement with 
the literature and the anelasticity theory.  

In this sense, the peaks located in temperatures around 220 and 420° K were 
attributed to relaxation processes similar to those proposed by Hasiguti [9]; that is, they 
are relaxation processes due to the interaction between point defects and dislocations. 
The peak located at 265° K was attributed to the hydrogen mobility in dislocation lines, 
similar to that observed by Nó et al. [10] in high-purity polycrystalline magnesium. The 
relaxation process found with a temperature of 300° K is certainly the relaxation process 
due to the migration of Mg, previously observed by Cordero and collaborators [8].  

Conclusion 
Samples of MgB2 were prepared using the PIT method and were characterized by 
density measures, X-ray diffraction, scanning electron microscopy, electric resistivity, 
magnetization, and mechanical spectroscopy.  

The measurements of X-ray diffraction showed that the samples have a hexagonal 
phase of honeycomb type, together with MgO characteristic peaks both for the as-
casting sample and for the annealed sample. The electric resistivity and magnetization 
results showed a very defined superconducting transition with a Tc of approximately 
38° K. The annealing did not alter the superconducting properties of the sample.  

The mechanical spectroscopy measurements showed very complex relaxation 
structures which were resolved into their constituent relaxation processes. These 
processes were attributed to the interaction between point defects and dislocations; 
hydrogen mobility in dislocation lines and due to the migration of magnesium. In the 
case of the annealed sample, this heat treatment caused the disappearance of some 
relaxation processes.  
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