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Besides many interesting features of MgB2, it is important for the green economy of the future that it allows systems 

that use L-Ne or L-H2 instead of cryogens; meanwhile as a light material, it can attract attention in terms of portable 

applications and especially space applications. MgB2 bulks and wires are produced by various processing 

techniques that can be categorized as either in-situ or ex-situ methods. Both have their own advantages and 

disadvantages. Therefore, the decision on which method to use should be evaluated according to the needs of the 

application. For the good inter-grain connectivity, in-situ production should be chosen but improved. Instead of high 

temperatures and long heat treatment duration, examining the effect of relatively lower and shorter times on the 

material was deemed necessary for the optimization of the in-situ method.  

For this reason, in this study, microstructural examination of bulk MgB2 samples produced by in-situ method at 625, 

650 and 700 °C for 6 and 12 hours, was carried out. The samples microstructural properties were investigated by 

XRD and SEM measurements. XRD measurements were performed between 20° and 80° with step size of 0.02° 

from the pellet surface. The crystallographic refinement was simulated using the Full Prof software by the Rietveld 

method. Lattice parameter and cell volume, phase fractions were determined. The crystallite size is calculated from 

the XRD results using the Debye-Scherrer formula. Magnetic Tc,mag was determined as around 38,5 K from the 

magnetization measurement. The results provide guideline for further optimization of the microstructure of bulk 

MgB2 with enhanced properties. 

 

Keywords: MgB2, sintering temperature, Reitveld method 

 

Submission Date: 17 August 2023 
Acceptance Date: 13 September 2023  
 

*Corresponding author: ozlemthecicek@gmail.com  

 

1. Introduction 

 

Superconducting materials lose their electrical resistance 

when cooled below their critical temperature, called Tc. 

Although the superconductivity properties of many 

elements, alloys, ceramics and compounds have been 

proven and established throughout history, only a limited 

number of materials have found a place in applications. For 

example, the superconductors most commonly considered 

to improve their properties in magnet and coil applications 

are Nb3Sn, NbTi, BSCCO, YBCO wires and tapes. Since 

magnesium diboride (MgB2) was reported to be a metallic 

superconductor by "Prof. J. Akimitsu" [1] in 2001, much 

work has been done to improve the MgB2 parameters 

through processing modification to make them suitable for 

applications as well [2-6]. MgB2 superconductor’s the ability 

to capture larger magnetic fields than conventional 

ferromagnets, grain boundaries act as pinning centers instead 

of weak bonds, simple chemical structure, easy production 

and low chemical cost compared to others, the ability to 

work as a multi-crystal without having to be a single crystal, 

ability to be produced in different shapes and sizes (such as 
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tube, strip, disc, cylinder, ring) [7-8]; making it an 

interesting superconductor for applications such as MRI [9-

11], FCL, SQUIDs [12-14], motors, generators, etc. In 

addition, thanks to the transition temperature of 39 K, 

MgB2-based technologies allow systems that use liquid Ne 

or liquid H2 instead of cryogens as coolants [15-16]. MgB2 

is a lightweight material, making it a valuable 

superconductor, especially in portable applications, space 

applications, transportation, medicine, energy and other 

fields requiring low-mass materials [17]. For many of these 

applications, well-developed MgB2 wires/cables/strips are 

needed, which have enormous potential for the development 

of the green economy of the future. Different production 

methods have been proposed to improve the transport 

properties of MgB2 wires/cables/strips and basically these 

methods can be categorized as “in-situ” or “ex-situ” 

methods. Both methods have their own advantages and 

disadvantages. Therefore, the decision on "in-situ" or "ex-

situ" production should be evaluated according to the needs 

of the application. Intergranular bonding is important for 

magnet applications. Therefore, "in-situ" production should 

be selected but developed. 

As an alternative to the high temperatures and long heat 

treatment durations applied in the "in-situ" method, which 

makes production difficult and increases the cost, it was 

deemed necessary to examine the effect of relatively lower 

and shorter times on the material for the optimization of this 

method. Therefore, in this study, microstructural 

examination of bulk MgB2 samples subjected to in situ heat 

treatment at 625, 650 and 700°C for 6 and 12 hours was 

carried out. 

 

2. Experimental 

 

The samples used in this study were prepared from powder 

mixtures with the same stoichiometric ratios (Mg:B=2:1). 

High purity Pavezyum Nano Amorphous Boron powder and 

Pavezyum Magnesium powder were used as starting 

materials by “in-situ” process in which the powders were 

first mixed and then subjected to heat treatment, Table 1. 

The powders were ground in an agate mortar and mixed 

homogeneously. These mixtures were then placed into 

pressing mold with a special shape, ensuring a 

homogeneous powder distribution, and pressed under 100 

MPa. The pressed samples were subjected to heat treatment 

(HT) under Ar atmosphere at 625, 650 and 700 °C for 6 and 

12 hours at each temperature value, and were left to cool in 

the furnace at the end of the heat treatment. The prepared 

samples were named 625-06, 625-12, 650-06, 650-12, 700-

06 and 700-12. The first part of the code refers to the HT 

temperature, and the second part refers to the HT duration. 

X-ray diffraction (XRD) and scanning electron microscopy 

(SEM) measurements were used to bring to light the 

microstructural features of all samples. XRD analyzes were 

performed using the Rigaku powder diffractometer system 

and Cu-K radiation. The produced bulk was scanned from 

the surface of pieces cut in equal sizes from MgB2 samples 

between 20° and 80° with an angular step of 0.01°. 

Crystallographic refinement was carried out by simulating 

the XRD results using the Rietveld method, where the lattice 

parameter, cell volume and phase fractions were determined 

using Full Prof software. Crystallite size was calculated from 

XRD results using the Scherrer formula and Williamson-

Hall (WH) Equation. The microstructure of the pellet surface 

was observed using a scanning electron microscope. 

Additionally, susceptibility and resistance measurements of 

the samples were carried out using the Lake Shore 7130 AC 

Susceptometer. 

 

3. Results and discussion 

 

Immediately after the heat treatment, equal sized pieces were 

cut from the samples and XRD measurements were carried 

out at room temperature by scanning the surface of these 

pieces between 20° and 90° with a step of 0.01°. In order to 

make a healthy comparison, XRD measurement results taken 

from equal surfaces were prepared with equal axis 

dimensions, Figure 1.  

The expected impurity phase in MgB2 is MgO resulting from 

the oxidation of metallic Mg [18-19]. At first glance, the 

samples except sample 625-06 appeared to be identical to 

pure MgB2, with a trace of MgO as a second phase. As it is 

known, XRD patterns are observed as the sum of the 

reflections of all phases present in the sample, and the main 

peak of MgO at 2θ ≈ 42.8° is generally observed as a 

shouldered peak at the main peak of MgB2. In this case, the 

reflection at 2θ ≈ 42.8° from MgO is not clearly observed 

because it is completely obscured by the main peak of MgB2 

originating from the (101) plane. On the other hand, the 

reflection of MgO at 2θ ≈ 63°, corresponding to the (220) 

plane, which gives the second most intense peak, is clearly 

seen in all XRD patterns. While no other phase was observed 

in these five samples, in sample 625-06 it was determined 

that the main phase was Mg, the second phase was MgB2 and 

the third phase was MgO. Accordingly, we can say that 6 

hours of heat treatment at 625 C is not sufficient in terms of 

time or process temperature for the reaction of all of the Mg 

used in the stoichiometric ratio in the in-situ synthesis of 

MgB2. Moreover, when we compare this result with the 

625C-12h and 650C-6h heat treatment results, it would be 

correct to say that only increasing the time or process 

temperature is sufficient for the Mg reaction to occur fully. 

As can be seen from the patterns shown using the same axis 

dimensions in Figure 1, the highest MgB2 main peak was 

observed in the 650-06 sample and the lowest was observed 

in the 625-06 sample. If we accept that these measurements 
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are obtained from completely equal surfaces, we can say 

that processing at 650 C creates more MgB2 phase in both 

6 hours and 12 hours of heat treatment compared to other 

temperatures. Moreover, if we evaluate it in terms of 

processing duration for each temperature, we can say that 6 

hours of processing gives better results than 12 hours of 

processing. However, it should not be ignored that we 

assumed that the samples were divided into equal parts; there 

may have been minor differences in the surface dimensions 

of the cut samples. 

 

 
Fig.1. FullProf simulation of XRD patterns of produced samples 

 

At this point, for a better comparison, the observed XRD 

patterns of the samples were multiphase refined with 

Reitveld to determine the volume fraction of MgO and the 

lattice parameters of the MgB2 phase. For the refinement, 

firstly the phases were determined from the XRD pattern. 

Then, the average values of the required parameters of these 

phases were defined into the program in order to have a 

starting point for the refinement. The MgB2 phase was 

defined as a member of the P6/mmm space group and the 

MgO phase was identified as a member of the Fm-3m space 

group. Background matching was first performed before 

starting to refine the XRD patterns of the produced samples. 

Pseudo-Voigt function was used to describe the peak shape. 

Then, the global parameters, scale factor, Caglioti 

parameters (U, V, W) and peak shape were improved, 

respectively. As the improvement was made gradually, the 

2 value which shows difference between the original 

measurement results and the patterns created by refinement 

showed a decrease. It was aimed to obtain the minimum 2. 

Due to the presence of Mg, these refinements were made 

with 3 phases only in sample 625-06.  

The difference between the original measurement results 

(red circles) and the calculated model (black line) is shown 

by the blue line. The Bragg reflections for MgB2 are shown 

by the green bars in the upper row and for MgO by the green 

bars in the lower row, Fig. 1. Table 1 shows the calculated 

lattice parameters of MgB2 phase, and the calculated 

quantitative volume fraction of MgO in the samples by the 

Rietveld refinement. 

When we examine Table 1, according to the phase 

percentages obtained as a result of refinement, the lowest 

MgO phase percentage was obtained in the 650-06 sample. 

Since Ar atmosphere is used in the heat treatment process, it 

is thought that the reason for the existence of the MgO phase 

is the oxidation of the samples prepared before the heat 

treatment and/or the purity of the rapidly oxidized Mg 

powder. The fact that the volume fraction of the MgO phase 

was limited to a maximum of 3% for all samples was 

interpreted as the samples being taken into XRD analysis 

immedialetly after the heat treatment without waiting. It has 

been observed that this proportional change, which occurs 

within a very small range, has no relationship with the heat 
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treatment temperature and duration. The relative density 

fraction of the MgO phase, which is one of the results 

obtained as a result of the multiphase Rietveld purification 

process, was calculated using the equation [20] for control 

purposes 

𝐷𝑀𝑔𝑂(%) =
𝐼𝑀𝑔𝑂(220)

∑ 𝐼𝑀𝑔𝐵2(ℎ𝑘𝑙) + 𝐼𝑀𝑔𝑂(220)
× 100 

where I is the height of the XRD peak and (hkl) is the Miller 

indices. When the results calculated for each sample 

according to this formula were compared with the MgO 

fractions obtained as a result of Reitweld purification, it was 

observed that they showed a parallel trend, Fig. 2. It was 

thought that the difference observed only in sample 625-06 

was due to the presence of a Mg phase, unlike the other five 

samples. According to both results, the lowest MgO phase 

ratio was observed in sample 650-06. Although it is a very 

small amount, it has been observed that generally an 

increase in temperature and time at 650 C and above causes 

an increase in the MgO ratio. 

 

Table 1: Results of Rietveld refinement 

 
Frac. of 

MgO 
Lattice parameter of MgB2 

625-06 0.14 a=b=3.0868  Å, c =3.5251  Å 

625-12 1.44 a=b=3.0789  Å, c =3.5156  Å 

650-06 1.05 a=b=3.0797  Å, c =3.5171  Å 

650-12 2.99 a=b=3.0802  Å, c =3.5172  Å 

700-06 1.33 a=b=3.0780  Å, c =3.5167  Å 

700-12 1.28 a=b=3.0800  Å, c =3.5185  Å 

 

 
Fig. 2. Comparison of relative intensity of MgO from the 

formula and fraction of MgO phase from the FullProf  

 

In addition, the crystal lattice parameters obtained as a result 

of the purification are given in the table and are in a range 

that can be considered compatible with the literature values. 

It is argued that a decrease in the a-lattice parameter 

indicates Mg deficiency [21]. The fact that they are slightly 

lower than the literature values can be interpreted as Mg 

deficiency occurring during heat treatment since excess Mg 

is not used. In terms of heat treatment temperature values 

and times, no identifiable trend was observed in the a and b-

lattice parameters.  

Another important parameter that determines the 

smoothness of the crystallographic structure is the width of 

the peaks. Multiphase Rietveld refinement of the samples 

revealed that MgO (200) peak, which we could not observe 

in the XRD pattern, is broader compared to the others in both 

625 C samples. Same tendency was observed at (220) MgO 

peak. There are various contributions to the peak profile that 

forms XRD patterns, such as crystal size, microstrain, 

temperature and instrumental contributions. The Scherrer 

Equation, published in 1918 [22], relates the widths of XRD 

peaks only to the crystal size of the sample.  

𝐷 =
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
 

where D is the size of crystallites, K is Scherrer constants 

(0.94)  is the wavelength of Cu K radiation,  is FWHM 

of the peak, and  is the peak position. The average 

crystallite size for the sample was calculated by taking the 

average of the crystallite sizes calculated with the Scherrer 

equation using the required values of selected MgB2 peaks 

such as (100), (101), (002), (110), (201) and (112) in the 

XRD pattern. However, another issue to consider at this 

point is that the MgO (200) peak overlaps with the MgB2 

(101) peak. To exclude the contribution of MgO from the 

MgB2 peaks, calculations were made using the FWHM 

values obtained by the Rietveld refinement method from 

same peaks. As can be seen from Fig. 3, the average 

crystallite sizes obtained for each sample showed the same 

trend in the results obtained from both the XRD data and 

FullProf data. The difference between these two curves is 

thought to be the contribution of the MgO phase to the MgB2 

peaks in the calculation made from the XRD peaks, because 

the curve using the FullProf results free of MgO contribution 

gave partially smaller results. Since sample 625-06 contains 

unreacted Mg phase, we can exclude this sample from 

evaluation as it is clearly observed from the XRD pattern that 

625 C temperature and 6 h time are insufficient. We can say 

that no significant change in crystal size was observed until 

sample 700-12, and when it came to this sample, the 

crystallite size decreased.  

 

 
Fig. 3. Comparison of crystallite sizes calculated by Scherrer 

Equation using the XRD pattern and FullProf results 
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The Scherrer formula ignores the influence of strain on peak 

width. The Williamson-Hall Equation [23], which takes into 

account the microstrain that contributes to peak broadening 

as well as the crystal size, will provide more accurate 

results. For this purpose, the Williamson-Hall (WH) 

Equation combines the Scherrer equation, which determines 

the particle effect, and the Stokes-Wilson equation, which 

gives the micro stress, and is as follows: 

𝛽𝑐𝑜𝑠𝜃 =
𝐾𝜆

𝐷
+ 4𝜀𝑠𝑖𝑛𝜃 

where  is the FWHM value of the peak (in radians)  is the 

Bragg angle (in radians), K is the dimensionless Scherrer 

constant (0.94), λ is the wavelength of the X-ray source used 

(0.154056 nm), D is the crystal size (in nm), and  is the 

lattice strain [24]. Ideally, when a graph is drawn by placing 

the term (4Sinθ) on the x-axis and the term (β.Cosθ) on the 

y-axis, a best line is drawn for the points obtained. While 

the slope of this line gives the intrinsic strain value, the point 

where it intersects the y-axis gives the average size of the 

crystals in the sample.  

 

 

 
Fig. 4. Calculated crystallite size and microstrain by WH 

 

When the crystallite size graphs in Fig3 and Fig4 are 

examined, it is seen that they have similar trends except for 

the 700-12 sample. We can say that the reason for this 

difference in the 700-12 sample is the Scherrer formula, 

which ignores the effect of strain on the peak width, and that 

there is a serious stress in this sample, as seen in Fig.4. 

When we look at the crystallite sizes obtained from the WH 

equation (except sample 625-06), while the crystallite size 

increases with increasing temperature, there is almost no 

difference for different heat treatment duration at the same 

temperature. It is reported that the decrease in crystallite size 

will increase the scattering of electrons and therefore 

increase the upper critical field (Hc2) and resistivity value 

[25]. It has also been reported that decreasing the crystallite 

size reduces Tc [26]. When evaluated from this perspective, 

we can say that it will create a situation that will negatively 

affect the critical current density (Jc) of the samples. In 

another study, from a different perspective, the improvement 

in Jc was explained as the decrease in crystallite size 

improving the pinning mechanism [27]. Therefore, 

evaluating crystal size alone is not a sufficient criterion for 

transport properties. It is seen that the intrinsic strain values 

obtained from the WH equation are almost the same in 

samples 650-06, 650-12 and 700-06, but generally show an 

increasing trend with increasing temperature and time. In the 

700-12 example, it showed a significant increase compared 

to the others. 

SEM images taken from the surfaces of 12-hour heat 

treatment samples are shown in Figure 5. As seen from the 

SEM images, while the 625C sample has a more porous and 

loose structure, fewer pores and a tighter structure are 

observed in the 650C and 700C samples. 

 

 
Fig. 5. SEM images of samples heat treated for 12 hours 

(from left to right: 625-12, 650-1, 700-12) 

 

 
Fig. 6. AC susceptibility measurement results and inner 

graph shows resistivity measurement results 

 

Susceptibility and resistance measurements of the samples 

were carried out using the Lake Shore 7130 AC 

Susceptometer. In the R(T) measurements taken with the 

help of the resistance apparatus of the AC Susceptometer, it 

was determined that all samples except the 625-06 sample 

showed a sharp transition at Tc = 37,5 K. If we determine the 

72,41

37,13

62,96 60,34

80,45 80,45

625°C,

6 h

625°C,

12 h

650°C,

6 h

650°C,

12 h

700°C,

6 h

700°C,

12 h

crystallite size by WH

0,0017
0,0021

0,0025 0,0025 0,0025

0,0039

625°C,

6 h

625°C,

12 h

650°C,

6 h

650°C,

12 h

700°C,

6 h

700°C,

12 h

microstrain by WH



Journal of Materials and Electronic Devices 4 (2023) 30-36 

35 
critical temperature Tc in AC susceptibility measurements 

by defining it as the first deviation from the normal phase; 

we can say that all samples, except sample 625-06, exhibit 

the same characteristic transition at Tc,mag=38.5 K. In 

magnetic measurements taken from the samples, it was 

observed that grains exhibiting superconducting properties 

were formed around 38.5 K. However, the formation of a 

complete uninterrupted superconducting path trough the 

sample occurred around 37.5 K according to transport 

measurements. If the intervals in which the transition occurs 

are compared, we can say that the sharpest transition, 

although it does not bring a serious difference, is observed 

in the 700 C samples, and this sample is followed by the 

650C and 625 C samples in an expanding trend with small 

differences. These small differences are parallel to the 

crystal sizes. While a sharper transition and higher Tc were 

observed in the 700-12 sample with larger crystal size, a 

slightly wider transition range and lower Tc were obtained 

in the 650-12 sample with the smallest crystal size. 

According to magnetic measurements the effect of heat 

treatment duration was observed to be less than the effect of 

heat treatment temperature. When transport measurements 

were examined, heat treatment temperatures applied for 12 

hours did not create a significant difference in the transition 

zone. On the other hand, according to the transport 

measurement results of the 650-06 and 650-12 samples, it 

was observed that the formation of the desired uninterrupted 

superconducting path in 6 hours shifted to lower 

temperatures. Considering the normal state resistances, we 

can say that 650 C shows lower resistance and offers a 

higher transport Tc of 12 hours. 

 

4. Conclusion 

 

MgB2, which is an important candidate for the green 

technology of the future with its high transition temperature, 

has potential in areas such as portable applications, space 

applications requiring low-mass materials, transportation, 

medicine and energy, thanks to its light material. Therefore, 

in this study, we focused on MgB2 production by in-situ 

method for applications requiring high grain connectivity, 

as we believe that material properties should be evaluated 

and developed according to the needs of the applications. 

We examined the effects of production on the material at 

relatively low temperatures and times compared to the 

literature. According to the results we obtained from the 

XRD patterns, heat treatment at 625-650-700C created 

only a 3% difference in the MgB2 phase ratio. The lattice 

parameters, which were consistent with the literatüre, there 

is no identifiable trend was observed in terms of heat 

treatment temperature values and times. The crystal size was 

found to increase with increasing temperature. Likewise, 

according to the results of transport and magnetic 

susceptibility measurements made with the AC 

susceptometer, no significant change in the critical 

temperature was observed with increasing temperature, 

while according to the transport measurement results, it was 

observed that the 12-hour period gave better results, 

although there was a small difference. As a result, we can 

say that lower temperatures can be tried depending on the 

needs of the application without making a big difference. In 

this way, it may be possible to reduce production costs. 
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