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Abstract: We have investigated the effect of annealing temperature on the microstructure, 
magnetic and mechanical properties of MgB2 superconducting samples employing X-ray 
diffraction (XRD), scanning electron microscopy (SEM), ac susceptibility and Vickers 
microhardness measurements. XRD patterns and SEM micrographs are used to obtain 
information about lattice parameters and grain size, respectively. These measurements indicate 
that MgB2 grain size, lattice parameters, and critical temperature are increased, and grain 
connectivity is improved, with increasing the sintering temperature up to 850°C. It is also 
observed that the Vickers microhardness of the samples is dependent of the sintering 
temperature and applied load. In addition, we calculate the load dependent mechanical 
properties of MgB2 samples such as the Young’s modulus, yield strength, and fracture 
toughness. The possible reasons for the observed improvements in microstructure, 
superconducting and mechanical properties due to annealing temperature are discussed.  
 
Keywords: Annealing temperature; Microstructure; Lattice parameters; Ac susceptibility; 
Microhardness; Fracture toughness; Young’s modulus; Yield strength.  
 

 
 
1. Introduction 

 
The improvement of the superconducting properties of MgB2 is a decisive goal to enable its potential 
applications [1-6]. MgB2 has been an attractive candidate for various applications due to its relatively 
high critical current density (Jc), critical temperature (Tc), and coherence length. It is generally known 
that chemical doping or substitution, and preparation conditions, play very important roles in the 
properties of high-Tc and conventional superconductors. A number of substitutions into the MgB2 
system have been tried [7-12]. In these investigations, variations in the lattice parameters, 
microstructure, critical temperature and critical current density with the chemical composition were 
observed. Variations in these properties were also obtained by changing conditions of sample 
preparation [13-21]. In a previous study of the present samples, Varilci [22] investigated the influence 
of magnetic field on hysteretic ac losses in bulk MgB2 by using Hall probe ac susceptibility. MgB2 
powder is commercially available. Usually its quality is not sufficiently good.  The critical temperature 
of MgB2 powder prepared in laboratory is slightly higher. On the other hand, even with the same 
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preparation technique, different research groups observed different values of the critical temperature 
and the critical current density [15,23].    
It is very important to investigate the microstructure and mechanical properties as a function of 
annealing temperature. To our knowledge, no detailed study of the effect of annealing temperature on 
mechanical properties of MgB2 has been published in the literature. In this paper, we report the effects 
of annealing temperature on the microstructure, superconducting and mechanical properties of MgB2 
by performing XRD, SEM, ac susceptibility and microhardness measurements. 

 
 

2. Experimental details 

 
A commercially available MgB2 powder (Alfa Aesar) was used. The powder was pressed into pellets 
under a pressure of 750 MPa at room temperature and the pellets were wrapped with a Ta foil then 
placed in a quartz tube for annealing. They were annealed at temperatures of 650 °C, 750 °C, 850 °C 
and 950 °C for 1 hour in flowing Ar gas [22]. These bulk samples were rectangular bars with 
approximate dimensions of 10x3x1 mm3.  They were analyzed by XRD, SEM, ac susceptibility and 
microhardness measurements. The MgB2 pellets will be hereafter denoted as M650, M750 , M850 , 
and M950, to indicate their annealing temperature (650 °C, 750 °C, 850 °C, and 950 °C, respectively). 
The phase composition of the samples were characterized by XRD method using a Jeol Multiflex 
XRD with Cu Kα radiation (λ = 1.5418 Ǻ) in the range 2θ = 30°-60° with a scan speed of 3°/min 
and a step increment of 0.02° at room temperature. Phase purity and lattice parameters were 
determined from these XRD patterns. The accuracy in determining the lattice parameters (a and c) was 
± 0.0001 Å. The surface morphology and microstructure of the samples were investigated by SEM 
(JEOL 6390-LV). 
Measurements of ac susceptibility were made in the closed cycle refrigerator, using our homemade 
susceptometer equipped with a lock-in amplifier. A Si diode, attached to the cold head, was used to 
read the temperature of the sample. The temperature was stabilized with an accuracy of 1 mK. 
Measurements were taken in the temperature range of 30-45 K with a heating rate of 0.5 K/min using 
Lake Shore 332S-T1 temperature controller. The real and imaginary components of ac susceptibility 
were collected with a driving field having amplitude of Happ. = 960 A/m and a frequency of 10 Hz. 
Since the signal generated from the Hall probe was very weak, Tegam model 73 precision ratio 
transformations was used for voltage amplifier. Details of experimental system were described 
elsewhere [22,25].  
To characterize the mechanical properties of the annealed samples, microhardness measurements were 
performed with a digital microhardness tester (Instron Series 2100) at room temperature. A Vickers 
pyramidal indenter with different loads (0.245, 0.490, 0.980, 1.960, and 2.940 N) and a single loading 
time of 10 s was applied and the diagonals of indentation were measured with an accuracy of ± 0.1 
µm. Indentations were made at different parts of the samples' surface such that the distance between 
any two indentations was more than two times the diagonal of the indentation mark to avoid surface 
effects and work hardening. An average of 5 readings at different locations of specimen surfaces was 
taken to obtain reasonable mean values for each load.   
Conventional Vickers microhardness measurements consist of applying a load F on the test material 
via a geometrically defined indenter and after the indenter is removed, measuring the characteristic 
dimension, d, of the resultant impression. The Vickers microhardness, Hv, was estimated using the 
following equation 
 

( )28544.1
d

FH v =                                                                                (1) 

 
where F is the load applied (in N) and d the mean diagonal length of the indentation impression (in 

mµ ). The scatter in the values of d did not exceed 3%.  
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In most materials, the elastic modulus (Young’s modulus) E is related to the Vickers microhardness 
(apparent) vH  by the relation [26] 

 
,9635.81 vHE =                                                                                                     (2)  

 
and yield strength Y is related to the hardness by the relation [27,28] 
 

.3vHY ≈                 (3) 

 
In this work, fracture toughness of the annealed MgB2 samples was measured by Vickers indentation 
method. Several semi-empirical formulas have been used on the basis of crack types in certain 
materials [29-33].  Fracture toughness was calculated from the following equation [29] 
 

)/(/0016.0 2
3

aFHEK IC ν=         (4)      

                                                                                                          
where KIC is  the fracture toughness in MPa.m1/2,  F is the applied load in N,  E is the Young’s 
modulus in GPa, vH  is  the hardness in GPa and a is the crack length in mm. 

 
3.   Results and discussion 

 

3.a Lattice parameters and microstructure 
 
The x-ray diffraction patterns taken from the surface of MgB2 samples (M650, M750, M850 and 
M950) are shown in Fig. 1.  Some of the Miller indices are indicated in the figure. The XRD pattern of 
sample M950 showed, besides MgB2, the presence of a small amount of elemental B (Boron) peaks 
[17,19]. No traces of MgO or degradation compounds such as MgB6 or MgB12 were observed. The 
presence of B peaks in the XRD pattern of sample M950 (while being nonexistent in XRD patterns of 
the other samples) indicates that 950oC is too high for heat treating MgB2, and may have caused 
segregation of elemental boron through sublimation of Mg. Since we did not observe any MgO peaks 
in the XRD patterns, annealing MgB2 pellets under flowing Ar gas was sufficient enough to avoid 
partial oxidation of Mg. For samples M650, M750 and M850, only MgB2 phase was detected [17,19]. 
The intensity of all peaks increased while the position of the peaks shifted towards smaller angles with 
increasing the annealing temperatures up to 850 °C then decreased at 950 °C. The increase of the 
intensity of the peaks and the decrease of the FWHM with increasing the annealing temperature from 
650 to 850 °C indicate that crystallite size becomes larger as confirmed by SEM investigations.  On 
the other hand, the XRD patterns revealed that all samples show polycrystalline structure with (100), 
(101), (002.) and (110) peaks. 
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Figure 1. XRD patterns for samples M650, M750, M850 and M950. 

 

The dependence of the lattice parameters on annealing temperature was determined by least-square fits 
to the position of high angle Bragg peaks (30 2 60θ° < < ° ) and the results are provided in Table 1.  
An appreciable change in the lattice parameters of the samples was found within the experimental 
limit of 0.0001 Ǻ. The in-plane B-B distance, proportional to the lattice parameter a, increased slightly 
from 3.0701 to 3.0844 Ǻ with increasing the annealing temperature up to 850 °C. Moreover, the inter-
plane B-B distance, proportional to the lattice parameter c, increased significantly from 3.2522 to 
3.5285 Ǻ with increasing the annealing temperature up to 850 °C. The lattice parameter c of sample 
M850 was found to be 3.5285 Ǻ. On the other hand, it decreased to 3.5090 Ǻ for sample M950. These 
lattice parameters are reasonably consistent with other work [34].  

 

Table 1.  The lattice parameters a and c the M950, M850, M750 and M650 samples. 
 

Samples                            a (Ǻ)                                          c (Ǻ) 

M950                                3.0752                                       3.5090 

M850                                3.0844                                       3.5285 

M750                                3.0723                                       3.3522 

M650                                3.0701                                       3. 2522  
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The surface morphology of the four MgB2 samples was studied by SEM (Fig. 2). The microstructure 
of the sample annealed at 850 °C is remarkably different from that of samples annealed at 650 and  
750 °C.  

 

       

(a) 

 

 
(b) 
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(c) 

 

 

            (d) 

 
Figure 2. SEM micrographs of samples (a) M650, (b) M750, (c) M850 and (d) M950. 

 

A broad grain size distribution can be seen for the sample annealed at 850 °C. The grain size is about 
100-120 nm for sample M850. It is observed that the grain connectivity is enhanced greatly with 
increasing the annealing temperature from 650 to 850 °C. The surface of sample M850 is also denser. 
M650 and M750 have a non-uniform surface appearance with smaller grains. From Fig. 2, one can say 
that the grains in samples M650, M750 are randomly oriented and poorly connected. Grain size of 
sample M950 is similar to that of M850 but M950 shows more signs of partial melting due to higher 
annealing temperature. We propose that sublimation of Mg occurred at the grain boundaries where the 
internal energy of the crystal is higher. As a result, accumulation of segregated boron also occurred at 
the grain boundaries. This finding is supported by ac susceptibility measurements as explained below.  
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3.b Critical temperature by ac susceptibility measurements 
 

The magnetic ac susceptibility measurements as a function of temperature were made in the 
temperature range between 35 and 45 K with a driving field having amplitude of Happ. = 960 A/m and 
a frequency of 10 Hz.  Fig. 3 shows ac susceptibility data as a function of temperature for the four 
MgB2 samples annealed at different temperatures.   

 

 
 

        (a) 
 

 
 
               (b) 
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          (c) 

 
 
      (d) 
 

Figure 3. Temperature dependence of ac susceptibility for samples (a) M650, (b) M750,  
(c) M850 and (d) M950. 

 

 
As seen from Fig. 3, sample M850 has a very sharp transition ( 1 )

c
T K∆ ≈ . All the other samples 

exhibit wider transitions ( 3 )
c

T K∆ ≈ . M650 shows a lower Tc due to low annealing temperature. 

As the annealing temperature is increased to 750 °C, Tc increased but the transition was still broad. 
When the annealing temperature increased to 950 °C, the transition widened again. The onsets of Tc of 
all samples are found to be about 40 K. The broadening could be related to non stockiometric phases 
and/or poor sintering between the grains. The shape of the ac susceptibility curves of sample M950 is 
different from that of the other samples, showing a double step-like behaviour. Double step transitions 
may indicate the presence of other phases at the grain boundaries indicating that Mg deficient MgB2 
has lower transition temperature. This is consistent with the appearance of boron peaks in the XRD 
pattern of sample M950. 
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3.c Mechanical properties 

 
In order to investigate the effect of the annealing temperature on the mechanical properties of MgB2 
samples, we conducted the Vickers microhardness tests. We measured the diagonal length as a 
function of the test load. The Vickers microhardness (apparent) values, calculated for different applied 
loads by using Eq. (1), are listed in Table 2.  
 
 

Table 2. Load dependent micro hardness, elastic modulus, yield strength and fracture toughness  
of MgB2 samples annealed at 650, 750, 850 and 950 °C. 

 
Sample Load (N) )(GPaH v  )(GPaE  )(GPaY  )( mMPaK IC  
M650 0.245 

0.490 
0.980 
1.960 
2.940 

1.011 
0.682 
0.537 
0.502 
0.494 

82.86 
55.90 
43.96 
41.14 
40.45 

0.337 
0.227 
0.179 
0.167 
0.165 

4.005 
3.806 
3.787 
3.539 
3.874 

M750 0.245 
0.490 
0.980 
1.960 
2.940 

2.568 
1.228 
0.863 
0.791 
0.780 

210.5 
100.7 
70.70 
64.81 
63.94 

0.856 
0.409 
0.288 
0.264 
0.260 

8.321 
6.301 
5.883 
5.142 
4.762 

M850 0.245 
0.490 
0.980 
1.960 
2.940 

3.824 
1.674 
1.065 
0.952 
0.944 

313.4 
137.2 
87.33 
78.00 
77.37 

1.275 
0.558 
0.355 
0.317 
0.315 

12.55 
8.488 
7.348 
5.711 
5.352 

M950 0.245 
0.490 
0.980 
1.960 
2.940 

1.450 
0.917 
0.721 
0.658 
0.628 

118.9 
75.06 
59.11 
53.96 
51.80 

0.483 
0.305 
0.240 
0.219 
0.208 

6.830 
6.349 
5.728 
5.420 
5.142 

 
Fig. 4 displays the variation of microhardness as a function of applied load for samples M650, M750, 
M850 and M950. These MgB2 samples have higher mechanical strength than the other high-Tc 
ceramic superconductors (YBaCuO and Bi(Pb)SrCaCuO) [5,6,11,35].   
The variation of microhardness with load has similar shape irrespective of the annealing temperature 
although its value for a given load is different depending on the annealing conditions. We have 
observed that the microhardness values increased with increasing annealing temperature from 650 to 
850 °C, and decreased at 950 °C. At 950 °C, the strength of bonding between the grains decreased and 
consequently the microhardness degraded. The rapid variation of microhardness was observed with 
increasing applied load from 0.245 to 1.000 N. The reason for this behaviour is due to mechanically 
weak grain boundaries [36]. It is also obvious from Fig. 4 that the Vickers microhardness is load 
dependent for all samples; the calculated microhardness decreased non-linearly as the applied load 
increased until 1 N, and then attained saturation. The reason of this behaviour is explained elsewhere 
[37].  This non-linearity has also been observed for Bi-Pb-Sr-Ca-Cu-O [38-40] and for MgB2 [5,6], 
and is known as indentation size effect (ISE). To account for this effect, several relationships between 
the applied load and the resulting indentation size have been suggested [41-44]. However, we are not 
going to analyze the ISE in this paper, but will focus on the load dependent mechanical properties. 
Quin et al. [45] investigated the variation of the Vickers microhardness as a function of the indentation 
load for a variety of ceramic materials. They observed that such hardness-load curve shows distinct 
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transition to a plateau and concluded that this plateau corresponds to the intrinsic hardness value of the 
material. In this study, this plateau is reached at an applied load of about 1 N. It is evident that the 
value of microhardness of sample M850 is larger than that of the other samples. This result is 
consistent with XRD, SEM and ac susceptibility measurements.  
The value of load dependent E, Y, and KIC were calculated for each load by using Eqs. (2) and (4), and 
summarized in Table 2. As seen in this table, the load dependent E, Y and KIC increase significantly 
with increasing annealing temperature and decreasing loads.  
 

 
 

Figure 4.  Load dependent microhadness versus applied load for the samples. 

 
  
Similar changes in the yield strength, elastic modulus and fracture toughness were reported in the 
literature [46-48]. An increase in KIC corresponds to an increase in the average surface energy as 
proposed from the hardness calculations. One should point out that the apparent microhardness, 
Young’s modulus, yield strength, and fracture toughness of the samples in the present work indicate 
strong dependency on applied load and weak dependency on annealing temperature. It was observed 
that the mechanical properties of the samples are improved with increasing the annealing temperature 
from 650 to 850 °C (Fig. 5). At 950 °C, however, the mechanical properties showed a significant 
decrease. This indicates that the optimum annealing temperature to harden MgB2 material is around 
850  °C. 
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     (a)          (b) 

 
 

 

 
 
        (c) 
 

Figure 5. (a) Hardness, (b) Elastic modulus,  
and (c) Yield strength versus annealing temperature at 0.98 N. 

 
 
4. Conclusions 

 
Our measurements showed that an increase in the annealing temperature up to 8500C improved the 
microtructure, mechanical and superconducting properties of MgB2 bulk samples. XRD and SEM 
examinations show that the lattice parameters and grain connectivity increase, and the number and size 
of voids at the sample surface decrease with increasing the annealing temperature from 650 to 850 °C. 
As a result, load dependent microhardness, elastic modulus, yield strength and fracture toughness 
values increase with increasing the annealing temperature. It was also found that the hardness of MgB2 
samples is greater than that of high-Tc ceramic superconductors (YBaCuO and Bi(Pb)SrCaCuO). The 
improvement of the superconducting properties (Tc and transition width) with increasing the annealing 
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temperature is due to the modification of grain boundaries together with a better crystallinity and 
larger grains. The improvement of the mechanical properties can be observed by the increase of 
microhardness with increasing annealing temperature. The mechanical properties enhanced with 
increasing the annealing temperature, up to 850 °C and degraded at 950 °C. This behaviour is ascribed 
to the strength of the bonds between grains. The higher annealing temperature raised the reactivity for 
the formation of MgB2 phase. We conclude that the best annealing temperature of these MgB2 samples 
is 850 °C.  
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