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MgB2 superconducting pellets were synthesized by the Mg di�usion method. Di�erent heat treatment
temperatures and times were applied for synthesis to determine optimum conditions. The phase struc-
ture of the samples was investigated by X-ray di�raction measurements. MgB2 lattice parameters, MgO
fractions, and crystal sizes were calculated. It was observed from the scanning electron microscope im-
ages that the grains were well connected and the grain sizes were homogeneous after heat treatment
at 650◦C and 12 h. As a result of magnetization measurements, it was determined that the critical
temperature of the samples that were heat-treated at 650 and 700◦C for 6 and 12 h showed close values,
and the transition intervals were sharp. The critical current density values calculated according to the
Bean model were found to be around 104 A/cm2 for 625◦C samples and increased to 105 A/cm2 for
650 and 700◦C samples. The highest critical current density value under 0 T at 20 K was obtained as
1.58 × 105 A/cm2 for the 700◦C for 6 h sample. It was determined that the irreversibility �eld values
determined according to the 100 A/cm2 criterion were close for 650 and 700◦C heat treatments. The
pinning mechanism analyzed by the Dew-Hughes approach was detected as grain boundary pinning
in 650 and 700◦C samples. It was shown that the minimum temperature for the heat treatment to be
applied for the Mg di�usion method should be 650◦C, and the extended heat treatment duration made
no serious di�erence.

topics: MgB2 bulks, Rietveld re�nement, Jc,mag, grain boundary pinning

1. Introduction

Since magnesium diboride (MgB2) was reported
as a metallic superconductor by J. Nagamatsu et
al. [1] in 2001, much work has been done to date to
improve the parameters of MgB2 to make it suitable
for various applications [2�6]. Interesting features of
the MgB2 superconductor are (i) simple chemical
structure, (ii) relatively easy production [7], (iii) low
chemical cost [8], (iv) ability to work as polycrys-
talline, (v) ability to be produced in di�erent shapes
and sizes (bulk, cylinder, ring, wire, strip) [9, 10],
(vi) grain boundaries as pinning centers [11], (vii)
ability to trap larger magnetic �elds [12]. MgB2-
based superconducting materials for applications in
energy, electronics, medicine, and particle physics,
such as magnetic resonance imaging (MRI) [13�16],
fault current limiters (FCL), superconducting quan-
tum interference devices (SQUIDs) [17�19], motors,
generators, etc., have been produced as bulks [20],
tapes [21], wires [22], and �lms [23, 24]. In addition
to all the above-mentioned properties, MgB2 is a
lightweight material, making it a valuable supercon-
ductor, especially in space applications and other

applications requiring low-mass materials [25, 26].
However, the sharp decrease in the critical current
density (Jc) with increasing magnetic �eld is a prob-
lem that limits the use of MgB2 in applications
in high magnetic �elds and has been the subject
of studies. Well-developed MgB2 wires/cables/tape
are required for most applications, and di�erent ap-
proaches have been proposed to improve the trans-
port properties of MgB2 wire/cable/tape. Studies
aimed at improving transport properties have fo-
cused on improving pinning centers and/or increas-
ing their density to increase Jc. The conducted re-
search showed that thermal treatment in the high-
pressure isostatic press (HIP) allows for an increase
in the density of high-�eld pinning centers, an in-
crease in the density of the superconducting mate-
rial, and signi�cant improvement of the connections
between grains [15, 27�28].
The most popular topic for creating arti�cial pin-

ning centers has been the doping or addition of
MgB2. Chemical doping or addition [29] are sim-
ple and e�ective methods to enhance superconduct-
ing properties under the high �elds to which MgB2

may be exposed in practical applications. Many
dopants were tried for MgB2 and most of them
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TABLE I

Sample codes, code-related heat treatment (HT) con-
ditions, bulk density and the relative densities of the
samples.

Sample
code

HT conditions
d

[g/cm3]
Relative d

[%]

D625-06 at 625◦C for 6 h 1.0149 38.74
D625-12 at 625◦C for 12 h 1.4219 54.27
D650-06 at 650◦C for 6 h 1.5813 60.36
D650-12 at 650◦C for 12 h 1.6265 62.08
D700-06 at 700◦C for 6 h 1.7037 65.03
D700-12 at 700◦C for 12 h 1.6304 62.23

had a negative e�ect on Jc(B). The most stud-
ied dopants that increase Jc(B) are MgB4 [30],
Dy2O3 [31], SiC [32, 33], B4C [34], nano-carbon [35],
carbon�nanotubes [36], and oxides. Doping of car-
bon and carbon-containing dopants [37, 38] into
MgB2 has been shown to improve Hirr, Hc2, and Jc
at high magnetic �elds [39]. This improvement sit-
uation is interpreted as the carbon atom being able
to replace the boron atom in the MgB2 structure
because their atomic radii are close, thus creating
defects that can serve as pinning centers.
The fact that grain boundaries in MgB2 act as

pinning centers has led to studies on grain bound-
ary improvement as well as doping. In general, the
development of grain boundaries as pinning centers
has been attempted by modifying the MgB2 synthe-
sis procedures. The MgB2 superconductor has gen-
erally been produced by ex-situ and in-situ tech-
niques. In the in-situ method, the precursor pow-
ders are brought to the desired form by mixing
them in appropriate proportions according to the
chemical formula, and then subjected to heat treat-
ment to cause a chemical reaction. In this synthe-
sis method, during the heat treatment, Mg grains
melt with the liquid�solid reaction and disperse into
B grains. The in-situ method provides good su-
perconducting connectivity and more e�ective re-
sults in doping. However, the disadvantage of this
method is that it results in a lower packing ratio
of around 50% [40, 41]. In cases where the pro-
cess is exactly the opposite, the production method
is called ex-situ; �rst, the MgB2 phase is obtained
from the precursor powders, and then it is put into
the desired form. Although the ex-situ method pro-
vides homogeneous and non-porous structures with
a packing ratio of around 74% [42], these struc-
tures are accompanied by the disadvantage of low
critical current density due to weak superconduct-
ing connectivity. The Mg di�usion method, which
falls into the in-situ synthesis category, has the
advantage of obtaining dense samples of the ex-
situ method, in addition to the good grain cou-
pling advantage [43] of the in-situ method. The
density of MgB2 bulks produced by the Mg di�u-
sion method is reported as 1.95 g/cm3 [44]. In the

same study, it was reported that the synthesized
MgB2 has Tc = 38.1 K and Jc(B=0 T, T=10 K)
= 5.3 × 105 A/cm2. Additionally, Ueda et al. [45]
obtained Jc(B=0 T, T=20 K) = 8.6×105 A/cm2 as
a result of heat treatment at 800◦C for 60 h, which
was explained by small grains of 30�100 nm in size,
good grain connectivity, and an increase in e�ective
current transfer. For optimizing Jc, modifying the
heat treatment variables is an e�ective way. Opti-
mal determination of heat treatment variables that
strengthen grain bonding and increase grain bound-
ary density can result in high Jc(B) [46]. Recent re-
search showed that the high density of the in-situ
superconducting MgB2 material allows for the ac-
celeration of the synthesis reaction and the forma-
tion of the superconducting MgB2 phase [47]. On
the other hand, the conducted experiments showed
that the high density of the boron layer leads to a
signi�cant slowdown of Mg di�usion in the samples
made by using internal magnesium di�usion (IMD)
technology [48, 49].
This study aimed to determine the optimum heat

treatment conditions for the Mg di�usion method
by using specially shaped Mg and B pellets pre-
pared under the same conditions. Therefore, in this
study, microstructural and magnetic examination of
bulk MgB2 samples subjected to Mg di�usion heat
treatment at 625, 650, and 700◦C for 6 and 12 h was
carried out.

2. Experimental methods

The samples examined in this study, aimed at
Mg di�usion, were prepared from commercially
available magnesium powder (Pavezyum company
magnesium, 99%, particle size < 44 µm) and
amorphous nano-boron powder (Pavezyum com-
pany nano-sized amorphous elemental boron, 99%,
particle size < 400 nm). Starting powders were
weighed according to the chemical ratio Mg : B =
1 : 2. Boron powder was pressed isostatically un-
der 100 MPa pressure in a specially shaped press-
ing mold. The same method was used to obtain the
Mg pellet. The Mg pellet was placed on top of the
B pellet as an Mg di�usion source and then sub-
jected to heat treatment (HT) under an Ar atmo-
sphere temperatures 625, 650, and 700◦C for 6 and
12 h using an Nb-sheeted Al2O3 crucible and �nally
left to cool in the furnace. The obtained samples
were coded as given in Table I. Sample codes start
with the letter �D� which stands for di�usion; the
�rst numerical part of the code refers to the HT
temperature, and the second numerical part refers
to the HT duration. Contact with Mg surfaces of
the heat-treated samples was washed with acetone
and dried. Pieces of appropriate size were cut from
the samples for various analyses. Dimensions and
weight measurements were taken of these cut pieces
using a micrometer and a precision scale, and the
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density of the pieces was calculated. Calculations of
relative bulk density, also called packing ratio, were
performed using the theoretical density of MgB2.
X-ray di�raction (XRD) measurements were made
on the Mg contact surfaces of equal-sized pieces cut
from the samples. The phases formed in the sam-
ples were determined using Cu Kα X-ray di�rac-
tion with the Rigaku powder di�ractometer system.
The MgB2 pieces were scanned from the surface be-
tween 20◦ and 90◦ with an angular step of 0.01◦.
It was found that the patterns obtained in the
XRD results corresponded to the hexagonal MgB2

and cubic MgO structure. Rietveld re�nement with
the FullProf software was used to further investi-
gate the phase composition and calculate lattice pa-
rameters. For the two-phase Rietveld puri�cation,
the pseudo-Voigt function was preferred to simulate
the peak pro�les in the pattern. The crystal sizes
and strain of the samples were calculated using the
Williamson�Hall (WH) equation [50] based on the
XRD results. The microstructure of the samples was
observed using scanning electron microscopy from
the di�usion surface of the pellet pieces. The mag-
netization of the samples against the applied mag-
netic �eld was measured using the Physical Prop-
erty Measurement System (PPMS) up to 5 T at 10,
20, and 30 K. The critical current densities of the
samples (Jc in [A/cm2]) were calculated using the
extended Bean model [51]

Jc =
20∆M

a− a2

3b

, (1)

where ∆M = M+−M− (in [emu/cm3]) is the
magnetization loop width, and a and b (a<b, in
[cm]) are the cross-sectional dimensions of the bar-
shaped sample. Throughout our study, the mag-
netic �eld was applied parallel to the sample sur-
face. For the examined samples, the magnetic �eld-
dependent �ux pinning mechanisms were analyzed
through Jc(Happ/Hirr) graphs (where µ0Hirr is de-
termined from the criteria Jc = 100 A/cm2). The
temperature of the transition from the supercon-
ducting state to the normal state and the width of
this transition were determined from the tempera-
ture dependence of the magnetization measurement
under 0.01 T.

3. Results and discussions

3.1. Packing ratio analysis

The bulk densities of the samples were calcu-
lated from the sample pieces prepared for charac-
terization measurements, using a micrometer and a
weighing scale. When calculating the relative den-
sity d using the relation [52]

relative d [%] =
bulk d

theoretical d
× 100, (2)

we assume that the theoretical density of MgB2 is
2.62 g/cm3 [53]. The densities and relative bulk den-
sities of the samples are given in Table I.
When the relative densities � also known as

packaging factors [54] � were examined, an increas-
ing packaging ratio was obtained with increasing
heat treatment temperature and duration. In other
words, it has been shown that increasing the HT
temperature and duration produces fewer pores and
more MgB2 phase in the same volume. However,
when the values of the 650 and 700◦C samples are
examined more closely, we can say that the rate
of increase in the packaging ratio was decreasing
and that a plateau began to form in the packag-
ing rate with increasing temperature and time. The
fact that the curve started to plateau showed that
650◦C was a su�cient temperature to create the
optimum packaging rate that could be achieved in
our samples produced by Mg di�usion. In the lit-
erature, a higher packaging was achieved compared
to MgB2 samples (∼ 50%) produced without ap-
plying pressure during heat treatment by the in-
situ method [55]. Although the packing factor for
MgB2 samples synthesized by the ex-situ method
was higher (74%) in the literature, it has been re-
ported that the samples have a weak grain connec-
tion [42]. The samples produced in this study have
a higher packing rate than those from the in-situ
method, i.e., close to those of the ex-situ method.
Moreover, our samples also have the advantage of
better grain connection than those of the in-situ
method. In light of these �ndings, it was evaluated
that the MgB2 layer density in the measured sample
pieces was even above 65%. The measured sample
pieces were cut from specially shaped samples with
a thickness of ≈ 2 mm to include the Mg di�usion
surface. For this reason, it is thought that the en-
tire volume of these pieces does not consist only
of MgB2. In other words, since the volume used in
this calculation actually contained both MgB2 and
some unreacted B, the densities calculated above
were considered to be lower than their actual values.

3.2. XRD analysis

Immediately after heat treatment, equal-sized
pieces were cut from the samples, and XRD mea-
surements were carried out at room temperature by
scanning the surface of these pieces between 20◦ and
90◦ with a step of 0.01◦ (see Fig. 1). The expected
impurity phase in MgB2 is MgO resulting from
the high reactivity of metallic Mg [56]. In Fig. 1,
in all peaks for each sample, it was seen that the
main phase was well-developed MgB2 with a small
amount of MgO formation. The peak corresponding
to the MgO (220) re�ection at 2θ ≈ 63◦ is the sec-
ond most intense peak of MgO and was observed in
all samples. However, at 2θ ≈ 42.8◦, the peak corre-
sponding to the MgO (200) re�ections was obscured
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Fig. 1. Re�nement results (black solid line) and observed XRD patterns (red full circle) of the samples.

TABLE II

Lattice parameters, cell volume, MgO phase fraction obtained from Rietveld re�nement, and MgO relative
intensity.

D625-06 D625-12 D650-06 D650-12 D700-06 D700-12

a = b of MgB2 [Å] 3.08642 3.08458 3.08485 3.08639 3.08277 3.08395
c of MgB2 [Å] 3.52547 3.52107 3.52235 3.52235 3.52063 3.52157
c/a 1.14225 1.14150 1.14182 1.14125 1.14203 1.14190
Cell volume of MgB2 29.08 29.01 29.03 29.07 28.98 29.01
MgO fraction from Rietveld re�nement 1.83 1.37 1.41 1.28 1.40 1.60
MgO relative intensity 1.25 1.05 1.26 1.07 1.16 1.29

by the main peak of MgB2. Additionally, Mg peaks
were observed in samples D625-12, D650-06, and
D650-12, regardless of the temperature and dura-
tion of heat treatment. If the XRD measurements
were performed on powdered samples, it would be
expected that the Mg peaks would decrease or even
disappear with increasing temperature and dura-
tion of heat treatment. In this case, since the XRD
measurements were taken on the surface of the pel-
let pieces in contact with Mg, and since Mg peaks
were observed randomly in the samples against
the temperature-duration increase, it was evaluated
that these Mg peaks resulted from unreacted melted
Mg remaining as contamination on the surface of
the sample after heat treatment.
Rietveld re�nements were used to further investi-

gate the composition of the phase and calculate lat-
tice parameters. Rietveld re�nements were carried
out using the Fullprof software [57]. The pseudo-
Voigt function was chosen to simulate the peak
pro�le. The lattice structure of MgB2 belongs to the

P6/mmm space group. The unit of the MgB2 struc-
ture is an asymmetric unit in which the Mg atoms
are in the (0, 0, 0) position, and the B atoms are in
the (1/3, 2/3, 1/2) position [58]. The lattice struc-
ture of MgO belongs to the space group Fm-3m. In
this structure, Mg atoms are in the (0, 0, 0) position
and B atoms are in the (1/2, 1/2, 1/2) position. This
information was de�ned where necessary in the pro-
gram established for Rietveld re�nement. In addi-
tion, the positions and occupancy parameters of the
relevant atoms were kept constant at their nominal
values. Background matching was �rst performed
before starting to re�ne the XRD patterns of the
produced samples. Then, the scale factor, global pa-
rameters, Caglioti parameters (U, V,W ), and peak
shape were improved. During pre-re�nement, impu-
rity peaks were excluded. The MgB2 lattice param-
eters were obtained by this single-phase puri�ca-
tion. Two-phase puri�cation was used to determine
the MgO fraction. A low �t parameter (χ2) was
the goal to achieve agreement between experimental
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Fig. 2. FWHM values of peaks (100), (101), (002),
(110), (201), and (112) of the MgB2 phase samples.

and calculated data. The resulting plots for single-
phase re�nement are shown in Fig. 1. The di�er-
ence between the original measurement results (red
circles) and the calculated model (black line) are
marked by the blue line. The Bragg re�ections for
MgB2 are shown as green bars.
The MgB2 lattice parameters, c/a ratios, and cell

volume values obtained by single-phase treatment
are given in Table I. The average lattice parame-
ters reported in the literature for pure MgB2 sam-
ples are a = 3.08485 Å and c = 3.52634 Å [59�64].
In all samples produced in this study, the lat-
tice parameter a was determined in the range of
3.0828�3.0864 Å, and the lattice parameter c was
determined in the range of 3.5206�3.5255 Å. Since
no changing feature compatible with the changing
HT temperature and time can be detected in these
intervals, and the magnitude of the changes was at
a maximum rate of 0.12% for the lattice parame-
ter a and 0.14% for the lattice parameter c, think-
ing about such aspect of a change can be ignored.
Thus, the lattice parameters can be considered to
remain constant. The ratio c/a and cell volume also
remained constant and are consistent with the lit-
erature [59].
When examining Table II in terms of the phase

percentages obtained as a result of re�nement,
the lowest MgO phase percentage was obtained in
D650-12. Since an Ar atmosphere was used in the
heat treatment process, it is thought that the reason
for the existence of the MgO phase was the oxida-
tion of the samples prepared before heat treatment
and/or the purity of the rapidly oxidized Mg pow-
der. The fact that the MgO phase volume fraction
was limited to a maximum of 1.83% for all sam-
ples was interpreted as taking samples for XRD
analysis immediately after heat treatment, without
waiting. It has been observed that this proportional
change, which occurs within a very small range, has

no relationship with the temperature and duration
of heat treatment. The relative density fraction of
the MgO phase was also calculated for control pur-
poses using [65]

DMgO [%] =
IMgO(220)

(
∑

IMgB2(hkl)) + IMgO(220)
× 100,

(3)

where I is the height of the XRD peak and (hkl) are
the Miller indices. The summation in (3) is equal to
the sum of (001), (100), (101), (002), (110), (102),
(111), (200), (201), (112) peaks heights of MgB2.
When the results calculated for each sample accord-
ing to this formula were compared with the MgO
fractions obtained as a result of Rietveld puri�ca-
tion, it was observed that they showed a parallel
trend (see Table II). According to both results, the
lowest MgO phase ratio was observed in sample
D650-12.
Another important parameter that contains in-

formation about the crystallographic structure is
the peak width (FWHM � full width at half max-
imum) [66]. Here, to compare the FWHM values,
the (100), (101), (002), (110), (201), and (112) re-
�ection peaks of the MgB2 phase were evaluated.
The peaks belonging to the (001), (111), and (200)
re�ections of MgB2 were excluded from the evalua-
tion because they increased the margin of error in
the FWHM calculation due to their low peak in-
tensities. A narrowing trend was observed in the
MgB2 peaks assessed with increasing HT tempera-
ture and duration, and it was determined that each
peak converged to certain values (see Fig. 2). This
suggested that the crystal size reached its optimum
value at 650◦C.
At this point, the Williamson�Hall (WH) equa-

tion was used to calculate the crystal size and
strain in the samples. The Williamson�Hall equa-
tion combines the Scherrer equation, which deter-
mines the particle e�ect, and the Stokes�Wilson
equation, which gives the micro stress. WH graphs
created according to the dependence of β cos(θ) on
4 sin(θ) are shown in Fig. 3. The slope value of these
graphs gives the strain, and the y-axis intersection
point allows us to calculate the crystal size. We use
the relation

βhkl cos(θ) =
Kλ

D
+ 4ε sin(θ), (4)

where β is the FWHM value of XRD peaks, K =
0.94 is the shape factor of the particles, θ is
the di�raction angle of the Miller indices, λ =
0.15406 nm is the wavelength of X-ray, ε is the lat-
tice strain, and D is the crystallite size. Using the
WH plots given in Fig. 3, the crystal size and strain
values obtained by the procedure mentioned above
are given in Fig. 4.
As can be seen, the optimum crystal size was

reached as a result of applying HT for 12 h at 650◦C.
When the strain values obtained with WH were ex-
amined, an increasing tension was observed with in-
creasing duration at 625◦C, while a decreasing trend
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Fig. 3. Williamson�Hall plots of the samples.

Fig. 4. Crystal size and lattice stress according to
Williamson�Hall plots of the samples.

was observed with increasing duration at 650◦C.
The minimum strain value was obtained for 12-h
HT at 650◦C. Afterward, it was observed that it in-
creased at a slower rate with increasing temperature
and duration. In [67], the decrease in crystal size in-
creases the scattering of electrons and, therefore, in-
creases the upper critical �eld (Hc2) and resistivity
value. It has also been reported that decreasing the
crystallite size reduces Tc [68]. Evaluating from this
perspective, we can say that the temperature 650◦C
of HT was the optimum value at which the min-
imum strain value and optimum crystal size were
achieved during sample preparation. Extending the
HT time also had a positive e�ect.

3.3. SEM analysis

Scanning electron microscope (SEM) images
taken from the surfaces of the samples heat-treated
for 12 h were shown in Fig. 5. It was observed that
in all samples, the grains were irregularly shaped
and randomly oriented. The microstructure of sam-
ple D625-12 showed low connectivity between grains
of di�erent sizes at the micron scale. The general
structure in this sample was found to be very porous
and loose. In sample D650-12, it was observed that
grains with more homogenized sizes at the micron
scale were formed and that the grains were more
rounded and smooth at the edges. When examined
more closely, it was observed that coalescence be-
tween the particles also occurred, and the pores
decreased. Based on this observation, it was con-
cluded that sintering has taken place. On the other
hand, better fused locally melted structures were
observed in sample D700-12 compared to sample
D650-12. In Fig. 4, in which the results obtained
from the WH plots were displayed, the crystal size
heat treated for 12 h at 650◦C reached the maxi-
mum value, and this size remained almost constant
with a slight increase in 12-h HT applications at
700◦C. The trend in the grain size change we ob-
served in SEM images was found to be similar to
the change in crystal sizes calculated by WH. When
high-magni�cation SEM images were examined, the
fact that this porous structure was observed in cer-
tain proportions in our samples was attributed to
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the fact that the SEM images were taken as they
were from the Mg-di�usion surface of the samples
(without cutting or polishing).

3.4. Magnetization analysis

The temperature-dependent measurements of the
magnetic moment M(T ) of the samples under the
applied constant magnetic �eld (0.01 T) were ex-
amined. The Tc,onset values were determined as the
�rst deviation point from the normal state, and
the Tc,offset values were determined as the point
of becoming completely superconducting. The crit-
ical transition of the samples heat-treated for 6 h
and 12 h are shown in Fig. 6a and Fig. 6b, respec-
tively. In both graphs, in order to examine the turn-
ing points more closely, the �rst deviation region
from the normal state and the transition regions to
the completely superconducting state were marked
in yellow. Zoomed-in versions of these regions are
shown in insets. For both 6-h and 12-h samples, it
was observed that samples heat-treated at 625◦C

Fig. 5. SEM images of samples heat-treated
for 12 h.

Fig. 6. Normalized magnetization dependence on
temperature of (a) the 6-h heat-treated samples
and (b) the 12-h heat-treated samples; (c) Tc,onset,
Tc,offset, and ∆T plots of the samples.

transitioned at lower temperatures, and their tran-
sition ranges were wider. Among the 6-h samples,
the 650◦C sample starts transitioning at almost the
same temperature as the 700◦C sample, while the
transition range is slightly wider in the 650◦C sam-
ple. Among the 12-h samples, it was observed that
the 650◦C sample started transitioning at a slightly
higher temperature than the 700◦C sample, while
it became fully superconducting at a slightly lower
temperature. As can be easily seen in Fig. 6c, the
650◦C and 700◦C samples have close critical tem-
perature values and a narrow transition range. The
presence of such a narrow phase transition indi-
cates that these samples have better superconduc-
tivity properties than the 625◦C samples. This nar-
row transition also indicates that the sample is a
single superconducting phase. Based on the tran-
sition width, it can be said that 6 h of HT appli-
cation at 625◦C is insu�cient, while 12 h of HT
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Fig. 7. Magnetic Jc graphs of the samples calcu-
lated with the Bean model at (a) 10 K, (b) 20 K, (c)
30 K. The relevant magnetization cycles for which
this calculation was made are shown in insets.

application provides partial improvement. However,
despite the small di�erences between the 650◦C and
700◦C samples, the sharp phase transition of these
samples indicates that the samples exhibit a good
degree of homogeneity. This conclusion was parallel
to the conclusion that the 650◦C and 700◦C sam-
ples, which we obtained from SEM images, exhibit
similar structures.
The magnetic �eld dependences of the magnetic

critical current density (Jc,mag) of the samples were
obtained from the widths of the magnetization hys-
teresis loops taken from bar-shaped samples. The
magnetic critical current density (Jc,mag) was cal-
culated using the extended Bean model [51] de�ned
in (1). The magnetic critical current density curves
calculated from M(H) measurements are shown
in Fig. 7a for 10 K, Fig. 7 b for 20 K, and Fig. 7c
for 30 K. In the calculations performed at 10 K in
the samples synthesized at 650◦C and 700◦C, the
sharp changes observed in the low magnetic �eld

region (around 1 T) were due to a magnetic �ux
jump. This was because high Jc,mag and low heat
capacity cause a localized movement of the mag-
netic �ux, causing �ux jumps in the superconduct-
ing material [69].
The calculated values of Jc,mag were found to

be comparable to the literature (see Fig. 7). The
self-�eld Jc,mag is an important criterion for MgB2.
In [70], it was reported that the self-�eld Jc values
at 20 K for MgB2 produced from B powder pro-
cessed in di�erent ways were between 0.712 ×
105 A/cm2 and 1.555 × 105 A/cm2. When the
corresponding graph in this study was examined
closely, it was determined that the Jc value de-
creased to 100 A/cm2 for all samples around 3.5 T.
In another study [52], in which the ex-situ and in-
situ techniques were applied in combination, the
highest self-�eld Jc value at 20◦C was reported as
3.48 × 105 A/cm2. In the same study, the self-�eld
Jc value of the sample produced using only the in-
situ technique was reported as 2.98 × 105 A/cm2.
In this study, when the Jc change under increas-
ing magnetic �eld was examined closely, it was ob-
served that the Jc values of all samples decreased
to 100 A/cm2 around 4.5�5 T. In the samples pro-
duced in this study, the highest critical current den-
sity at 20 K was 1.58×105 A/cm2 (D700-06), which
was found to be comparable to literature values. In
addition, the decrease in the Jc value to 100 A/cm2

occurred around 4.5 T at 20 K, which was consistent
with the results obtained by Dadiel et al. [52].
When the Jc plots were examined, it was observed

that during HT for 6 h at 625◦C, very low Jc values
were obtained compared to all others. In addition,
the rapid depreciation of Jc with increasing mag-
netic �eld clearly showed that these HT conditions
create a very low rate of the MgB2 superconduct-
ing phase. It was observed that 12 h of HT at 625◦C
provided a signi�cant improvement compared to 6 h
of heat treatment. In this case, it can be said that
6 h of HT at 625◦C is insu�cient, but with extended
HT duration, a higher rate of the MgB2 supercon-
ducting phase was formed, which was compatible
with other samples.
When the 6-h and 12-h HT data at 650◦C were

compared to each other, it was seen that the 12-
h heat treatment improves the sample properties
and gives better Jc results. The improved Jc can
be associated with pinning mechanisms speci�c to
regions of the applied magnetic �eld. Research in
the literature shows that volume, surface, and point
pinning centers are e�ective in increasing Jc in the
low and medium magnetic �eld region (region up
to 4�5 T), but dislocations and strain are e�ective
in the high magnetic �eld region (> 5 T) [71�74].
When the di�erence between D650-06 and D650-12
was examined more closely for measurements at
20 K, the Jc ratio was determined as 1.24, 1.32,
1.44, 1.56, 1,97, and 2.01 for each 1 T increase in
the range of 0�5 T, respectively. This proportional
increase between these two samples in the region of
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Fig. 8. Magnetic irreversibility �eld µ0Hirr deter-
mined from the Jc = 100 A/cm2 criterion.

higher magnetic �eld application suggested that the
sample gained a more resistant structure against Jc
degradation with increasing �eld. In this case, the
recovery rate of 1.24 in the self-�eld with increasing
HT time was interpreted as an increase in MgB2

phase formation. In the region up to 5 T, it can be
said that the surface and point pinning centers are
more developed in the 12-h HT example.
When the 6-hour HT data were compared be-

tween the heat treatments at 650◦C and 700◦C, it
was clearly seen that higher Jc values could be ob-
tained at 700◦C. In the proportional analysis made
for 20 K, the Jc ratio for the self-�eld was observed
to be 2 times. However, this ratio increased with in-
creasing magnetic �eld application and reached 10
times at 5 T. It can be said that the increase in HT
temperature develops the pinning centers in the re-
gion of the low and medium magnetic �eld better
than the increase in HT time.
Finally, when the 6-h and 12-h HT data at 700◦C

were compared to each other, no signi�cant di�er-
ence was detected. The 6-h sample gave slightly bet-
ter results in the 0�1.5 T region, while the 12-h sam-
ple gave partly better results in the 2�5 T region. It
was concluded that no signi�cant di�erence was ob-
served depending on the HT duration both in the
700◦C samples and the 650◦C samples, and since
almost the same Jc curves were obtained, a further
increase in the HT duration or temperature would
not bring positive results.
The plots of µ0Hirr values for di�erent tempera-

tures and HT duration were given in Fig. 8. Here,
it was observed that 6 h of HT application at 625◦C
was an inadequate application with the lowest Hirr

values. In turn, the application at 625◦C for 12 h in-
creased the Hirr values. On the other hand, longer
HT application in the 650◦C and 700◦C samples did
not have as great an e�ect as at 625◦C. Additionally,
the di�erence between the samples heated at 650◦C
and 700◦C was observed to be very small. Accord-
ingly, in terms of Hirr, we can say that while in-
creasing the HT time provides slightly better struc-
ture in the 650◦C samples, similar structures are
formed in the 700◦C samples. This result is in agree-
ment with our previous �ndings.

Fig. 9. Critical current density Jc(H/Hirr) of the
samples at 20 K.

At this point, it was decided to examine the pin-
ning mechanism to better understand the changes
in the Jc curves. In order to describe the pinning
mechanism in detail, the �ux pinning force (Fp)
was obtained from the Jc values using the formula
Fp = Jc × B [75], where Jc is the critical current
density along the wire, and B is the applied mag-
netic �eld perpendicular to the wire length. The fact
that the Fp peak occurs in low �elds is due to the
strong decrease in Jc(B) as you move up to higher
�elds. The Dew-Hughes (DH) scaling approach [76]
was used to compare the pinning mechanisms in our
samples. To determine the pinning mechanism, �ux
pinning diagrams were simulated using the Dew-
Hughes equation
fp = A (h)

p
(1− h)

q
, (5)

where the �ux pinning force density was normalized
as fp = Fp/Fp,max and the magnetic �eld reduced
as h = H/Hirr. According to Dew-Hughes, the h
value at which the peak is observed in the fp versus
h graphs indicates the type of pinning mechanism in
the produced material. In the DH equation, p and
q describe the actual pinning mechanism, and A is
a numerical parameter [76�78].
In the Dew-Hughes approach, the value of Fp,max

is needed to calculate the normalized �ux pinning
force, and the value of Hirr is needed for the re-
duced magnetic �eld. In the magnetization mea-
surements of the samples in this study, there are
�ux jumps at 5 K, making it di�cult to accurately
determine the value of Fp,max. In addition, possi-
ble errors arising from the calculations are mul-
tiplied in the Fp values produced by calculation
based on the Jc values calculated with the Bean
model from the M(H) curves. For these reasons, it
is envisaged that examining the Jc values accord-
ing to the reduced magnetic �eld with the method
suggested by Gajda [79] will reduce these errors.
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In fact, the method described in [79] complements
previous methods and allows for a better analysis
of high-�eld stabilization centers in MgB2 wires. In
this method, instead of Fp,max, graphs of Jc versus
B/Birr are directly created. In these graphs, cer-
tain B/Birr values correspond to certain pinning
mechanisms. Accordingly, the dominant mechanism
in the range 0.00 < B/Birr < 0.33 originates from
the surface pinning centers. The dominant mecha-
nism in the range of 0.30 < B/Birr < 0.50 orig-
inates from the point pinning centers. The domi-
nant mechanism in the range 0.50 < B/Birr < 0.75
is due to line pinning centers. The dominant mech-
anism in the range 0.75 < B/Birr < 0.80 is due
to the substitution of pinning centers in the crys-
tal lattice, and Gajda [79] reported that the equa-
tion (b)2.3−3.9(1− b)1 describes this type of pinning
mechanism well. Finally, it was reported that in the
range of 0.80 < B/Birr < 1.00, the pinning cen-
ters responsible for the peak e�ect are active, and
equation (b)4.9(1 − b)1 describes this type of pin-
ning mechanism well [79]. When Fig. 9 is examined
closely, it can be seen that Jc in samples D625-12,
D650-06, and D650-12 is decreased by 69% in the
ranges from 0.1 to 0.3 and from 0.3 to 0.5. This sug-
gests that samples D625-12, D650-06, and D650-12
have a similar number of surface and point pinning
centers. The critical current density Jc in sample
D625-06 is decreased by 75% in the range 0.1�0.3
and 45% in the range 0.3�0.5. This suggests that
samples D625-06 have more point pinning centers
than surface pinning centers. In samples D700-06
and D700-12, Jc is decreased by 65% in the range
0.1�0.3 and 76% in the range 0.3�0.5. This suggests
that samples D700-06 and D700-12 have more sur-
face pinning centers than point pinning centers. On
the other hand, Jc in all samples is reduced by 80%
in the range 0.5�0.74 and 50% in the range 0.74�0.8
(Fig. 3). This indicates that all samples have only
a small number of high-�eld pinning centers.

4. Conclusions

MgB2, which is an important candidate for fu-
ture technology due to its high transition tem-
perature, attracts special attention in areas such
as portable applications, space applications, trans-
portation, medicine, and energy, thanks to its light-
ness. In this study, we focused on the production
of MgB2 by the Mg di�usion method for applica-
tions requiring high particle bonding because we
believe that material properties should be evaluated
and developed according to the needs of the appli-
cations. The e�ects of production by the Mg dif-
fusion method at di�erent temperatures and times
on polycrystalline MgB2 bulk superconductors were
examined. In particular, the phase formations and
crystal structure properties were examined in de-
tail by re�ning the XRD patterns with the Fullprof

software, the microstructure by examining SEM im-
ages, and the material behavior under the applied
magnetic �eld by analyzing the M(H) and M(T )
graphs. It was determined that there was basically
a two-phase structure, and the MgO ratio as the
secondary phase was limited to 2%. Additionally,
the lattice parameter a of MgB2 polycrystal was
determined to be in the range of 3.0828�3.0864 Å,
and the lattice parameter c was determined to be
in the range of 3.5206�3.5255 Å. The crystal size
was calculated according to the WH model � the
optimum crystal size was reached as a result of HT
applied for 12 h at 650◦C. In SEM images of the
produced samples, it was seen that the 650◦C and
700◦C samples showed similar structures and had
better grain connections than the 625◦C samples.
This result was also supported by M(T ) measure-
ments. Despite the small di�erences between the
critical temperature values determined from M(T )
measurements between the 650◦C and 700◦C sam-
ples, the sharp phase transition of these samples
showed that these samples exhibited a good degree
of homogeneity. According to the Bean model, it
was seen from the hysteresis curves that the sam-
ples exhibited a critical current density (Jc) of up
to 105 A/cm2 at 10 K. Additionally when the pin-
ning mechanism in the sample was examined us-
ing the Dew-Hughes approach, it was observed that
grain boundaries acted as pinning centers and devel-
oped with increasing HT temperature. It has been
observed that applying the Mg di�usion method
at 650◦C for 6�12 h dwell time can provide opti-
mum conditions for technological applications that
require a good connection between grains.
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