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Abstract
MgB2/CNT is a promising candidate for superconducting wire application due to its excellent mechanical properties and car-

bon nanotube’s low density. However, strong interfacial adhesion between the CNT reinforcement and the MgB2 matrix is difficult 
to manage. Therefore, this study examines the synthesis and characterization of magnesium diboride (MgB2) superconductors with 
carbon nanotubes (CNTs) and tin (Sn) addition. Determining the proper method and combination of CNT & Sn affects MgB2 super-
conductors is crucial. Raw materials of magnesium (Mg), boron (B), Sn, and multi-walled carbon nanotubes (MWCNTs) were used 
for a solid-state reaction process to determine the proper synthesis method and the effect of CNT on superconductors’ critical tem-
perature. Each sample was obtained by weighing the raw material first, followed by hand grinding with agate mortars for 3 hours. The 
pelletization was then conducted by using a compact pressing machine with a pressure of 350 MPa. The compacted samples were then 
sintered at 800 °C for 2 hours either through the vacuum or PIST process. Finally, all were characterized, and MgB2 was discovered 
to be the dominant phase with minor impurity phases such as MgO, Mg, Mg2Sn, C, and Sn. Based on SEM morphological analysis, 
the grain boundaries of sample A1 were more precise than B2. In both, the grain size also varies, and the distribution of elements 
is uneven. Subsequently, Cryogenic Magnet Characterization indicated that at 40 K, almost all samples possess superconducting 
characteristics. For future studies, the potential impact of MgB2 on critical current density (Jc) and magnetic density (Hc) in several 
commercial applications such as Magnetic Resonance Imaging (MRI), magnetic levitation, and transformers needs to be investigated.
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1. Introduction
Due to the low cost and wide availability of raw materials, MgB2, a binary intermetallic 

compound, is one of the most promising superconductors for electrical applications, namely sen-
sor [1], energy storage [2], and wire [3]. Hence, MgB2 and its systems, as well as superconductivity, 
have been continually developed because of its functional properties such as high Tc of 39 K, weak-
link free grains, lightweight, and increased coherence [4, 5]. Moreover, the high critical current 
density (Jc) at high fields and temperatures is the primary concern for magnesium diboride to 
substitute low-temperature superconductors. For example, increasing pressure has a significant 
superconducting correlation with composite MgB2 [6]. In most applications, MgB2 needs to meet 
some requirements, including high thermal stability, excellent mechanical stability, and inert be-
havior [7]. The number of MgB2 wire filaments is significant during wire processing [8]. This 
prompts scientists to enhance the compound’s performance because of the sensitivity of critical 
current density to increase its magnetic fields [9].

Several methods have been used to synthesize MgB2 superconductors, such as direct micro-
wave synthesis [10], high-energy ball milling [11], infiltration, and growth process [12]. Chemical 
modification such as doping is still the most attractive and effective way to improve the properties 
of magnesium diboride [13, 14]. CNT dopants [15] discovered that the connectivity of undoped 
ex-situ MgB2 often decreases.

Substitutional doping is a significant means of enhancing superconductivity. Once MgB2 
is doped with carbon contents, these mixtures have an enormous potential to impact the supercon-
ducting mechanism and the distributed electron, thereby reducing the free path & coherence length.  
The nano-order carbon (CNT) doping effect has a coherence length comparable to MgB2 [16]. CNT 
that is successfully doped with (boron) B increases the critical electrical current density (Jc) of MgB2 
by using an external magnetic field. However, the amorphous C-doped sample decreases the Jc per-
formance [17]. In the selected powder-in-sealed-tube (PITS) method, Mg and B powder were used 
as raw materials because of their excellent influence on MgB2 microstructure and superconducting 
properties. A previous study has reported the production of MgB2 monofilament wire through the 
PIST [18]. However, oxides presence and the usage of argon gas which tends to be expensive, is still 
the main problem faced; therefore a cheaper method that produces good results is employed.

This study aimed to improve the phase transformation, normal-state conductivity, and me-
chanical strength of MgB2 for more acceptability in wire manufacture [19], as well as to analyze 
the effect of vacuum and powder-in-sealed-tube synthesis methods, which was confirmed by the 
characteristics of impurities formed, microstructure, and low temperature zero resistance. Besides, 
the effect of Sn and CNT elements addition on the superconductivity of MgB2 was determined.

2. Materials and methods
2. 1. Materials preparation
Using stoichiometric mixtures of commercial Mg powder and amorphous B powder as pre-

cursors, all MgB2 PIST samples were prepared through the in-situ route. According to Table 1, all 
the starting materials, namely magnesium powder, boron, multi-walled carbon nanotubes, and tin.

Table 1
The weight ratio of materials

Sample
wt (gr)

Mg B Sn

A1 0.51842 0.46158 0.01

A2 0.51313 0.45687 0.01

A3 0.49726 0.44274 0.01

B1 0.51842 0.46158 0.01

B2 0.51313 0.45687 0.01

B3 0.49726 0.44274 0.01
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2. 2. Synthesis of MgB2 bulk vacuum method
Magnesium (Mg) powder, boron (B), tin (Sn), and multi-walled carbon nanotubes (MWCNTs) 

were weighed using a digital balance according to their stoichiometric calculations. Three kinds of 
samples with different mass composition materials were obtained from the preparation and mea-
surement process. Then, each was crushed by hand (hand milling) for 3 hours in a container called 
agate mortar to make the sample constituents homogeneous.

The crushed samples were printed into pellet form using BMI Simon Machinery MFG.CO 
compacting machine with a pressure of 350 MPa. The sample’s powder was put into the machine’s 
dies and placed very parallel to the pressure lever. After switching on the power button, the drive 
lever was moved until the dies were pressed and held for a while. When the driving lever was lif­
ted, and the dies were removed, the initial powder had become a more solid-shaped pellet prepared  
for the sintering process.

2. 3. Synthesis of MgB2 bulk Powder-in-Sealed-Tube (PIST) Method
In the synthesis of samples with PIST, the principle was the same as that of the vacuum. 

The difference was that the media used to obtain the vacuum condition in this method was a tube 
made of stainless steel, namely SS 316. To avoid oxidation in the constituent elements, SS 316 tubes 
were prepared first by cutting 8 cm in length with a 12 cm diameter, followed by trimming the 
edges from the former piece. The SS 316 was then placed in a container and soaked with a nitric 
acid solution for one day to obtain a sterile result or prevent contamination from other ingredients 
in the tubes. Subsequently, the SS 316 tubes were washed with plain water and dried. After being 
scorched, the tube was compacted at one end by a compacting machine until it became tight or 
stopped allowing air to come in and out.

Furthermore, sample preparation was performed using magnesium powder, boron powder, 
and carbon nanotubes (CNTs) with a 1; 2; 5 wt. %, respectively. Each variation’s calculations and 
mass values were the same as those used previously (Table 1). PIST method samples were also 
prepared to support this study by adding only tin (Sn) and MgB2 without other ingredients. After 
compacting all samples, the following process was sintering, where the principle was the same 
as in the vacuum method, but the furnace employed was a type that does not use cylinders and 
pumping machines. The samples were heated in the furnace for 2 hours with a target temperature 
of 800 °C. The target temperature is obtained 3 hours from turning on the furnace machine in the 
implementation.

2. 4. Material characterization 
The synthesized samples were characterized by x-ray diffraction (XRD) (Bruker AXS θ-2θ) 

with Cu K-α radiation of 1.5406 Å, operated at 40 kV and 40 mA with advanced analysis of the 
database International Centre for Diffraction Data (ICDD) PDF-2 No. 96-100-0027. The morpho
logy of the formed microstructure was confirmed by observing using scanning electron microsco-
py (SEM) (JEOL6390A). Cryogenic Magnet measured the superconducting properties by Cryotron 
Oxford Instrument 5 K.

3. Results and Discussion
The results of the XRD pattern on the MgB2 sample (vacuum and PIST method) showed that 

there was only one the highest diffraction peak located at 2θ of 42.470° according to International 
Centre for Diffraction Data (ICDD) PDF-2 No. 96-100-0027, this indicated that the synthesis result 
of magnesium boron in the form of Mg+B could convert into MgB2 phase. 

The result of XRD testing in Fig. 1, the formed MgB2 phase, which can be observed from the 
peaks of the diffraction pattern at angles of 33.5226°, 42,4292°, 51,7959°, 59.9325° & 63.3049° for 
sample code A1, 33.5879°, 42.4743°, 51.8190°, 59.9844°, 63.1796° & 66.3850° for A2, and 33.5903°, 
34.3138°, 42.4350°, 51.7989°, 60.0547°, 63.1932° & 66.2117° for A3. This is by the International 
Center for Diffraction Data (ICDD) PDF-2 No. 96-100-0027. Besides the MgB2, minor phases (im-
purities) such as MgO, C, & Sn are detected when analyzed and further processed to determine each 
fraction. Nevertheless, the peaks of the MgB2 phase obtained have a high intensity and are mainly 
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formed compared to the impurities; hence, in sample code A, the MgB2 is the dominant phase.  
Based on the XRD result, the MWCT dopant causes ratio (c/a) change in the crystal structure of 
samples A1, A2, & A2 to 1.145, 1.145, & 1.147, respectively [20]. 

Fig. 1. XRD pattern of the vacuum method

The increase in the amount of multi-walled carbon nanotubes (MWCNTs) dopant, the frac-
tions of MgB2, and the impurity phase formed fluctuated (Table 2). This was different when ob-
served at the a-constant value, which decreased along with the addition of MWCNTs, but it does 
not apply to the c-constant. In this case, there is a change in lattice parameters, causing the MgB2 
peak to shift and the number of its intensity to decrease. Nevertheless, the overall ratio of lattice 
parameters of the MgB2 phase formed in the vacuum method sample shows a relatively equal value.  
Based on the qualitative analysis, the carbon phase was not Boron-doped; hence the changes in 
lattice parameters that occurred in the coded A sample indicated the effect of Sn addition. The most 
significant volume fraction of impurities in sample A2 and the most significant volume fraction of 
superconducting phase in sample A1.

Table 2
Mass fraction of the phases in sample A

Sample The volume fraction of MgB2 (%) The volume fraction of impurities (%) a-const. (Å) c-const. (Å) Ratio (c/a)

A1 86.051 13.95 3.0824 3.5297 1.145

A2 81.404 18.59 3.0811 3.5298 1.145

A3 85.212 14.79 3.0793 3.5333 1.147

The various phases are contained in the PIST method sample if to look at Fig. 2. Based on 
the Mg and MgO phases detected, it is assumed that some magnesium synthesized powders have 
been partially oxidized, and some have not. The reduced intensity of the MgO confirms that the 
synthesis method with stainless steel SS316 used effectively reduces the possibility of oxidized 
samples. Also, magnesium powder partially reacts with the tin powder formed in samples B1, B2, 
and B3. Doping with CNTs has a slightly different effect on phase formation in B1 and B2 and B3 
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shown at angles around 60–70°. The absence of the Sn phase, as found in the sample codes A and B,  
indicates that the tin powder has completely melted.

Fig. 2. XRD pattern of the PIST method

Table 3 confirms the dominance of the MgB2 phase formed in each sample. The impuri-
ties fraction formed in the PIST method becomes larger along with the increase in the amount of  
CNT dopant in B1, B2, and B3, indicating a smaller influence on the a-lattice parameter; however, 
the c-lattice parameter shows relatively stable results. This is the same as in the vacuum method 
sample, where there is a change in the a-lattice parameter (but the c-lattice parameter was constant). 
Meanwhile, the effect of tin powder on B4 was not significant because the ratio of the lattice pa-
rameters was relatively the same as the results obtained with the pure MgB2 in B5. The effect can 
be observed in the height of intensity in each sample (Fig. 3), the higher the addition of CNT will 
increase the intensity of the XRD data at the dominant peak of MgB2.

Table 3
Mass fraction of the phases in sample B

Sample Mass fraction of MgB2 (%) Mass fraction of impurities (%) a-const. (Å) c-const. (Å) Ratio (c/a)

B1 76.29 23.71 3.0783 3.5233 1.144

B2 87.25 12.75 3.0776 3.5255 1.145

B3 73.27 26.73 3.0701 3.5259 1.148

B4 95.32 4.67 3.0836 3.5221 1.142

B5 97.22 2.78 3.0858 3.5242 1.142

According to Fig. 4, the samples A1 and B2 in this characterization represent each syn-
thesis method used. A1 shows visible CNT particles with clear grain boundaries compared to B2, 
thereby indicating the density between the particles is still low despite the addition of CNT and 
wetting agent from tin. This condition shows the addition of tin powder to the samples success-
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fully melts completely. The results confirm the XRD qualitative analysis, which states there is 
no Sn phase in sample code B. However, at the magnification of 10.000 X, clumping is still seen 
in both samples. The distribution of the particles also still looks uneven because there are many 
CNT grains at some points but few at other issues. Moreover, the microstructure features of mixed 
MWCNT improved the mechanical properties of the MgB2 wire, according to a previous study. 
The diameter and length of the MWCNTs are assumed to be responsible for their alignment, ad-
hesion, and reactivity [21]. The granular structure is still visible. As a result, the addition of Sn to 
the microstructure increases grain connection [22].

Fig. 3. Peak of the MgB2 phase at (101) plane

Fig. 5 shows the graph of the resistivity to temperature relationship that indicates the sam-
ples in the vacuum method have superconducting characteristics. Each reaction in the presence of 
cooling treatment causes a decrease in resistivity. By the analysis of phase formation in section 4.1, 
these three samples have the dominant MgB2 phase. Sample A1 shows the characteristics of a semi-
conductor material when 40 K is exceeded, which occurs due to the impurity phases that are still 
in it, such as MgO, C, and Sn. However, below this temperature, A1 shows superconducting cha
racteristics with a turning point, namely the resistivity decreases dramatically at 35 K. Meanwhile, 
along with the cooling provided to sample A2, the critical onset temperature (Tc onset ) is obtained, 
which is around 80 K, but that of A3 at 40 K. Tc onset shows the point where the temperature of 
the resistivity decreases dramatically. This clarifies that the vacuum method further reduces the 
superconductivity following the report of previous research [23].

Fig. 6 shows the results of the Cryogenic Magnet test carried out on the PIST method sam-
ples, including those in B1, which shows that along with cooling, the trend of stable resistivity de-
creases at above 40 K. However, once observed more closely at 40 K, the decrease in resistivity is 
more significant. Based on the XRD testing results, sample B1 has formed a dominant MgB2 phase.  
Therefore, the superconductivity phenomenon occurs at a temperature of 40 K. The sample is oxi­
dized only at a low temperature of around 16 K, causing the absence of a transition point. Compared 
to the previous explanation, the resistivity relationship of sample B2 with temperature shows super-
conducting characteristics at around 40.5 K. Still, it decreases until the value turns 0 at 40 K. This 
confirms the XRD results on MgB2, which is also supported by SEM testing, indicating B2 has 
a higher density than other samples. This shows that the tin powder has melted entirely, leading to the 
wetting of other powders for the grain boundaries to become denser and enhance their connectivity. 
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Fig. 4. The microstructure of samples: a – A1; b – B2

The relationship of resistivity to temperature in sample B3 shows the Tc onset at a tempera-
ture of 40 K, but it does indicate a zero point. In the temperature range of 38–40 K, only a single 
phase is formed, meaning that along with the addition of CNT dopant through PIST synthesis, the 
results are more or less the same as those in the vacuum method sample. Most of the samples show 
the superconductivity phenomenon around 40 K. As a comparison in this method, MgB2 samples 
were synthesized by the addition of tin only, showing a Tc onset at 39 K with Tczero at 30 K. These 
results are supported by XRD testing, which states the MgB2 is the dominant phase, and MgO is 
the most minor impurity phase. The absence of the Sn phase indicates that tin powder melts entire-
ly during the sintering process. The melting point of Sn is at a temperature of 231.9 °C, therefore 
helping in overcoming the influence of the weak link found along the grain boundary. Meanwhile, 
the results showed the Tc onset of sample B5 is at around 40 K.

The limitations inherent in this research are the synthesis of materials through the solid- 
state reaction method and the characterization of samples in the form of bulk to analyze the effect 
of the addition of CNT, as well as the vacuum sintering method and PIST.
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Fig. 5. Normalized Resistivity of vacuum method samples

Fig. 6. Normalized Resistivity of PIST method samples

The weakness of this research is that the sample using the vacuum method does not get  
zero resistivity. The direction of the research needs to be developed to fabricate wire or tape so that 
it can be applied to MRI coils or superconducting transformers.

4. Conclusions
Based on this study, it can be concluded that the synthesis of MgB2 superconductors was 

successfully carried out through the vacuum and PIST methods with a hand milling duration of 
3 hours using an agate mortar and sintered temperature of 800 °C for 2 hours. The effect of varia­
tions in CNT addition on the superconductivity of MgB2 is not too significant where the critical 

0

0.2

0.4

0.6

0.8

1

1.2

20 25 30 35 40 45

Sample A1
Sample A2
Sample A3

N
or

m
al

iz
ed

 R
es

ist
iv

ity
 (a

t 4
2K

)

Temperature (K)

0

0.2

0.4

0.6

0.8

1

1.2

20 25 30 35 40 45

Sample B1
Sample B2
Sample B3
Sample B4
Sample B5

N
or

m
al

iz
ed

 R
es

is
tiv

ity
 (a

t 4
2K

)

Temperature (K)



Original Research Article:
full paper

(2022), «EUREKA: Physics and Engineering»
Number 3

99

Material Science

onset temperature (Tc onset) is at 40 K, except for A2, which needs to be tested again to prove the 
sample results are replicated. According to the diffraction characterization, the dominant phase 
content in all samples was the MgB2 with some small impurities. The Scanning Electron Micro-
scope (SEM) showed inhomogeneity in both samples, as only the grain boundaries of A1 were seen 
more clearly than B2. Meanwhile, Cryogenic Magnet characterization indicated that most synthe-
sized samples had a Tc onset of around 40 K.
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