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1 Introduction

Superconducting properties of  MgB2 were discovered first 
time in 2001. Among binary metallic compound super-
conductors, it shows the highest transition temperature 
 (Tc = 39 °C) [1]. This material possesses some unique prop-
erties for example, a nearly anisotropic superconducting 
behavior, high ductility, robustness against grain bounda-
ries [2] and allowing a reasonable mechanical deformation. 
This makes  MgB2 more suitable for applications over high 
 Tc cuprates or pnictides-based superconductors. Since the 
discovery of superconductivity in  MgB2, much effort has 
been made to enhance the magnetic characteristics of this 
material. The flux pinning and subsequent enhancement 
of critical current density  (Jc), in  MgB2 were reported in 
numerous works using chemical doping. On the other hand, 
a very few attempts have been made to improve  MgB2 per-
formance based on optimizing heat treatment conditions 
which play a vital role in homogenizing the grain shapes 
and sizes [3–6]. In addition,  Jc could be limited by many 
factors. Some of these reasons have been discussed in detail 
in literature [5]. However, the synthesis conditions and the 
parameters play a significant role to overcome the limita-
tion of  Jc in polycrystalline  MgB2. One of the most impor-
tant synthesis factors is the sintering temperature which 
controls the particle growth mechanism. This factor could 
easily be tuned to get rid of impurity phases which in turn 
affected the superconducting parameters.

In this context, the present work focuses on tuning 
the sintering temperatures in a wide range to get the best 
enhancement in grain connectivity  (AF, the effective cross 
section),  Jc and critical fields for bulk  MgB2 synthesized 
from amorphous nano-boron powder. After structural inves-
tigation, a comprehensive investigation has been conducted 
to correlate the measured superconducting parameters.
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2  Experimental details

The amorphous nano-boron powder (Pavezyum Advanced 
Chemicals, >98%) was used in the present work to synthe-
size the samples. Pristine  MgB2 samples were synthesized 
by standard solid state reaction method. The stoichiomet-
ric amounts of both the ingredients were ball-milled for 4 h 
using a Planetary micro mill (PULVERISETTE 7 premium 
line, FRITSCH). The resulting powder was pressed into 
pellets using a hydraulic press by applying a force of 4 ton. 
These pellets were wrapped in tantalum foils and put in the 
iron container. The heating process was performed in a tube 
furnace under the flow of a high purity argon gas to reduce 
the oxidation of Mg. The heating rate and time duration 
were chosen to be 5 °C/min and 30  min, respectively [5]. 
A batch of four samples was synthesized using the same 
conditions. The samples were subsequently sintered at 650, 
750, 850 and 950 °C for 30 min each, and were tagged as 
P-1, P-2, P-3 and P-4, respectively. The crystal structure 
of the prepared samples was confirmed using a Rigaku 
Ultima IV, X-ray diffractometer (XRD). MAUD software 
was used to analyze different phases and to confirm the lat-
tice parameters. Physical properties measurement system 
(PPMS), QUANTUM DESIGN (MODEL6000), together 

with its attached vibrating sample magnetometer, were 
used to obtain the magnetic hysteresis (M–H) loops.  Jc 
was obtained from M–H loops using Bean’s critical state 
model [7]. A four-wire resistance measurements technique 
and PPMS system was combined to obtain the resistivity 
data, from which irreversible field  (Birr), upper critical field 
 (Bc2), and  Tc were evaluated.

3  Results and discussion

Figure  1 shows the diffraction patterns of all the samples 
sintered at 650, 750, 850 and 950 °C for 30 min. The pat-
terns reveal that all the samples possess hexagonal crys-
tal structure with space group P6/mmm, as majority of 
the strong peaks present in all the patterns were perfectly 
matched with ICSD # 00-038-1369, a characteristic refer-
ence pattern of  MgB2. It was also observed that the peak 
width was gradually decreased as the sintering temperature 
was increased which subsequently decreased the full width 
at half maximum (FWHM). In addition to the peaks corre-
sponding to the  MgB2 phase, some impurity peaks related 
to MgO (ICSD # 00-045-0946) were also witnessed. How-
ever, these were very low intensity peaks emerging from 
(220) and (222) planes, appearing around 2θ values of 
62.14° and 78.75°, respectively. The data obtained from 
diffraction was analyzed in detail via Rietveld’s refinement 
using a MAUD software. The lattice parameters (a & c), 
c/a ratio, the fraction percentage ratio of MgO to  MgB2, 
the fractional densities of these two components and their 
ratio were determined, as shown in Table  1. The data 
reveals that within the estimation error, the values of MgO 
weight (wt%) and volume (vol%) ratio are around 10%, 
which agrees well with Kim et al. [5]. Although the sam-
ples sintered at different temperatures show different frac-
tional percentage ratio of MgO to  MgB2, the overall frac-
tion is estimated around ∼10% [5, 6]. Density ratio  (Dr) of 
MgO, of the P-1 sample is a bit high as compared to the 
other samples, yet it is the closest to the theoretical value. 
The closeness of this value to the theoretical values indi-
cates the quality of the samples. The shift of the diffrac-
tion angles and hence the peak positions with varying the 
sintering temperature is depicted in terms of the variation 
in lattice constants and change in c/a ratio [8], as shown in 
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Fig. 1  XRD patterns of all the samples sintered at 650, 750, 850 and 
950 °C. The indexed peaks belong to  MgB2. * indicates the peaks 
emerging from (220) and (222) planes of MgO

Table 1  Lattice parameters, 
crystallites size  (Dp) and 
weight (wt%) & volume (vol%) 
percentage ratio of MgO to pure 
 MgB2 samples sintered at 650, 
750, 850 and 950 °C.  Dr is the 
density ratio:  DMgO /  DMgB2

Sample S.T. (°C) a (Å) c (Å) c/a Dp (Å) MgO Dr Dr

wt% vol% error%

P-1 650 3.096 3.533 1.141 095.53 09.59 07.23 1.361 0.023
P-2 750 3.090 3.528 1.142 122.35 14.22 10.91 1.354 0.028
P-3 850 3.090 3.532 1.143 141.92 10.46 07.94 1.354 0.028
P-4 950 3.086 3.528 1.143 147.72 04.46 03.34 1.352 0.029
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Fig. 2. Ignoring the effect of strain on FWHM, the crystal-
lites size  (DP), was calculated using Scherrer’s formula [9];

where λ is the wavelength of CuKα radiation, β1/2 is 
FWHM of the most intense peak in the diffraction patterns 

(1)D
P
=

0.94�

�
1∕2cos�

measured in radians, and θ is the peak position in degrees. 
As evident by Fig. 2, the c/a ratio and  DP increase as the 
sintering temperature increases. This behavior is in agree-
ment with some earlier reports [10]. Moreover, the increas-
ing value of  Dp with increasing sintering temperature is 
expected due to the increase of density [10]. It has been 
reported in the literature that smaller the grain size, the 
quality of  MgB2 superconductors is enhanced [11, 12]. 
This statement is further confirmed when the performance 
of  MgB2 samples is compared on the basis of enhancement 
in  Jc.

The variation in  Jc as a function of applied magnetic 
field  (Ba), for all the samples sintered at different tempera-
tures is shown in Fig. 3. The  Jc measurements were made 
at two different temperatures, i.e., 5 and 20 K in  Ba range 
of 0 to 10  T. The trend as depicted by the curves shows 
a strong dependence of  Jc on  Ba at both the temperatures. 
It is evident that  Jc decreases with increase in  Ba for both 
the temperatures. However, at low  Ba, the sample sintered 
at 650 °C gives the best  Jc enhancement when the measure-
ments were made at 5 K. On the other hand, at low fields, 
this sample gives the least  Jc values when the measurement 
was made at 20 K, as shown in the inset of Fig. 3.  Birr was 
obtained when the  Jc degraded to 100  A/cm2. Its values 
behave as that of  Jc at high magnetic fields. Table 2 shows 
the measured values of  Jc and  Birr at the measurement tem-
peratures of 5 and 20 K and at  Ba values of 0 and 4 T, for 
every sintering temperature.

At measurement temperature of T = 20  K and applied 
magnetic field,  Ba = 0  T, the best enhancement of  Jc is 
observed for the sample sintered at 850 °C (P-3), as shown 
in the inset of Fig. 3 and listed in Table 2. For both, T = 5 
and 20 K, the lowest value of  Birr is observed for the sample 
sintered at 950 °C (P-4). This behavior can be attributed to 
decrease of flux pinners at the grain boundaries. The origin 
of flux pinning center is the impurities that are located at 
the grain boundaries. As the crystallite size was increasing, 
the volume of grain boundary impurities was minimized 
[6] and hence resulted in a decrease of  Birr.

The behavior of the resistivity against temperature (from 
5 to 45  K) at different applied magnetic fields (0 to 13  T) 
and vice versa was also determined by combining the PPMS 
measurements with four point probe technique. Figure  4 
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Fig. 2  Variation of (c/a) ratio and crystallites size  (Dp) against sin-
tering temperature for  MgB2 samples sintered at 650, 750, 850 and 
950 °C
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Fig. 3  Critical current density  (Jc) vs applied magnetic field  (Ba) at 
5 and 20 K for the different sintering temperatures for  MgB2 samples

Table 2  Critical current density 
 (Jc) and irreversible magnetic 
field  (Birr) at the measurement 
temperature (T = 5 and 20 K), 
and applied magnetics fields 
 (Ba = 0 and 4 T)

Sample Jc (0 T, 
20 K) × 105 A/
cm2

Jc (4 T, 
20 K) × 103 A/
cm2

Birr (Tesla) 
 (102 A/cm2, 
20 K)

Jc (0 T, 
5 K) × 105 A/
cm2

Jc (4 T, 
5 K) × 104 A/
cm2

Birr (Tesla) 
 (102 A/cm2, 
5 K)

P-1 2.03 3.07 5.42 1.15 4.11 9.96
P-2 2.16 2.32 5.17 1.52 2.99 8.93
P-3 2.50 2.75 5.23 1.71 3.04 9.43
P-4 2.33 2.46 5.06 1.69 2.76 8.91
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shows the temperature dependence of resistivity for the  MgB2 
sample sintered at 650 °C. Table 3 shows the onset and offset 
transition temperatures for different applied magnetic fields, 
ranging from 0 to 13 T. The ∆Tc values are calculated from: 
∆Tc = Tc2 − Tc1; where  Tc2 and  Tc1 are the onset and offset 
transition temperatures, respectively.

The curves in Fig.  4 reveal how the transition tempera-
tures decrease as the applied magnetic field increases. The 
behavior is also evident from the values listed in Table 3. The 
upper transition temperature,  Tc2 varies from ~37 to ~22 K 
as the applied magnetic field increases from 0 to 13 T. This 
point can be explained in view of critical magnetic fields, 
i.e.  Bc2 and  Birr.  Bc2 and  Birr were taken when the resistiv-
ity dropped to 90 and 10% of its normal value, respectively. 
Figure 5 shows the temperature dependence of  Bc2 and  Birr 
for the  MgB2 samples sintered at 650, 750, 850 and 950 °C 
for 30 min.

The trends indicate a clear dependence of sintering tem-
perature on the superconducting parameters. In order to fur-
ther elaborate this tendency, let us start by discussing the 
dependence of resistivity, ρ, of the samples on the tempera-
ture, T, and the applied magnetic field. Figure 6 shows the 
trend of the resistivity against temperature at zero applied 
magnetic field, for the  MgB2 samples, sintered at 650, 750, 
850 and 950 °C for 30 min.

As shown in Table  4, the transition temperature 
increased with increase of sintering temperature. This 

behavior is in accordance with that already reported in 
the literature [9]. The change in critical transition tem-
perature (ΔTc) is maximum for the samples sintered at 
750 °C as compared to all the other samples in series, 
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Table 3  The onset and offset 
transition temperature for 
different applied magnetic 
fields for the pure  MgB2 sample 
sintered at 650 °C (P-1)

Ba (T) 0 0.5 1 2 4 6 8 10 13

Tc1 (K) 36.60 36.14 35.00 33.61 31.38 27.67 24.4 21.42 18.22
Tc2 (K) 36.91 36.46 35.58 34.54 32.61 29.63 27.10 24.73 22.34
∆  Tc (K) 0.31 0.32 0.58 0.93 1.23 1.96 2.70 3.31 4.12
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Fig. 5  Temperature dependence of  Bc2 and  Birr for the  MgB2 samples 
sintered at 650, 750, 850 and 950 °C
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with equal interval of sintering temperature. A care-
ful look at the ρ–T curves reveals that the sample sin-
tered at 850 °C has the most sharpness in curve, means 
the lowest ∆Tc. The ρ value at the temperature,  Tc2 was 
known as residual resistivity (RR) and the ratio  R300/RTc2 
is the residual resistivity ratio. The most factors affect-
ing the grain connectivity,  AF, are the grain size and the 
amount of the impurities located at the grain boundaries. 
Increase in sintering temperature leads to the growth of 
new  MgB2 grains and hence enhancing the  AF values [13, 
14]. However, growing MgO phase leads to depress the 
 AF [8]. Considering this fact, the behavior of  AF can be 
interpreted if its values were correlated to XRD quanti-
tative analysis, as given in Table  4. The crystallite size 
was maximum for the sample sintered at 950 °C and the 
least MgO phase fraction was noted, hence high  AF was 
the result. The increasing of MgO wt% in P-2 sample as 
compared to P-1 led to depress  AF. On the other hand, 
for P-3 and P-4 samples, the  DP increases while MgO 
wt% decreases, resulting in increased  AF values. Corre-
lating the  Jc enhancements, it is noted that the minimal 
decrease of  AF was found for P-1, which was correlated 
with the maximal critical currents [15]. The values of 
critical fields at low temperatures can be estimated by 

fitting the experimental data of  Bc2 versus T, using curve 
fitting. There are few expressions which need to be used 
to do the fitting [16, 17]. The Ginsburg–Landau method 
is more appropriate in the present case [18]. The expres-
sion involved is shown in Eq. 2.

where α, l and m are fitting parameters. This equation has 
been used to find  Bc2 at low temperatures by fitting the 
experimental data of critical field with operator tempera-
ture [9]. Applying this method to experimental data of all 
the  MgB2 samples sintered at various temperatures, the fit-
ted curves obtained are shown in Fig. 7.

The  BC2 values at 0  K are obtained from the intercept 
of the fitted curve lines with  Bc2 axis of Fig. 7. These val-
ues are shown in Table 4. It is noted that the  BC2 (0) values 
of the samples P-1 and P-2 are higher as compared to the 
remaining samples. This is attributed to the strong grain 
boundary defects resulting by sintering at relatively low 
temperatures as reported earlier [19]. In other words, the 
similarity of  Bc2 behavior with that of MgO wt% confirms 
that the presence of MgO makes grain boundary defects 
more prominent, thus enhancing the critical fields.

4  Conclusion

The performance of  MgB2 superconductor samples, pre-
pared at different sintering temperatures under the same 
conditions in one batch, has been investigated. Among all 
samples, the sample sintered at 650 °C for 30 min, exhib-
ited small crystallite sizes and grain connectivity but higher 
 Jc values. Temperature dependence of  Bc2 showed that the 
samples that were sintered at low temperature, namely 
650 and 750 °C gave better  Bc2 enhancement as compared 
to those sintered at high temperatures, namely 850 and 
950 °C. It is inferred from  Bc2 behavior that sintering at 
low temperature leads to strong grain boundary defects. A 
slight increase in transition temperature with the increase 
of sintering temperature was also observed.

(2)
B
c2(T) =

B
c2(0)�

1+a

1 − (1 + �)� + l�2 + m�3

with � = (1 − �)�1+a and � = 1 − T
/

T
c

Table 4  Superconducting 
parameters for the  MgB2 
samples sintered at 650, 
750, 850 and 950 °C. The 
measurements are taken at zero 
magnetic field

Sample S.T (°C) Tc1 (K) Tc2
(K)

∆Tc
(K)

∆ρ × 10−7

(Ωm)
RRR  (R300/RTc2) Connectivity  Af 

(∆ρsc/∆ρ) × 100%
Bc2(0) (T)

P-1 650 36.60 36.91 0.31 2.66 2.13 23.78 21.92
P-2 750 36.82 37.22 0.40 1.56 4.45 40.64 23.18
P-3 850 37.70 37.84 0.14 2.05 2.46 30.90 19.18
P-4 950 37.85 38.11 0.26 1.51 2.54 41.80 17.50
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lines are for the Ginzburg–Landau equation fitting
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