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A B S T R A C T  

In this study, we have successfully produced a Fe-sheathed 6+1 multifilament wire using 

Cu/Nb/MgB2 monocore wires. The mono filament wire was prepared using Mg+2B 

powder mixture by powder-in-tube method without any intermediate heat treatment. The 

powder mixture of the amorphous nano boron (PVZ Nano Boron, purity of 98.5%, particle 

sizes < 250 nm) and high purity Mg powder (PVZ Mg, purity of 99%, particle size 74µm) 

were used. The multifilament wire was produced using groove rolling and cold drawing 

machines. The geometrical form of the filaments was examined using wire pieces taken 

from the wire at different steps throughout the production process. Finally, the 

multifilament wires produced in two different diameters of 1.02 mm and 0.82 mm were 

investigated in terms of filament uniformity, crack formation, surface roughness, and 

electrical transport properties. The structural examination was done on Nb filaments after 

the Fe and Cu sheaths were etched using HCl and HNO3 solution. The I – V measurements 

of the multifilament wires heat treated at 650 °C for 15, 30, 45, 60, and 240 minutes, and 

700 °C for 60 minutes were carried out for the applied current up to 1 A at 25 K under 

various external magnetic field.

 

Please cite this paper as follows: 

Avcı, D., Yetiş, H., Karaboğa, F., & Belenli, İ. (2024). The structural examination of Fe/(Cu/Nb)/MgB2 multifilament wires during 

cold forming process. Journal of Advanced Applied Sciences, 3(1), 15-22. https://doi.org/10.61326/jaasci.v3i1.127 
 

1. Introduction 

Following the discovery that MgB2 is a superconductor, 

various forms of MgB2 have been fabricated, including bulk 

structures, thin films, tapes, and wires (Feng et al., 2003; 

Nakane et al., 2005; Xi, 2009; Koblischka et al., 2014). Among 

these, MgB2 in wire form stands out as a particularly promising 

superconducting material for magnet applications due to its 

utilization of cost-effective raw materials and its 

straightforward production processes (Vinod et al., 2007; Yao 

et al., 2010; Patel et al., 2014). In the realm of technological 
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applications, the production of long multifilament wires is 

mandatory to reduce AC losses (Jiawen et al., 2019). Various 

manufacturing techniques, such as the powder-in-tube (PIT) 

process and continuous tube filling forming (CTFF) process, 

have been employed in the production of MgB2 wire. The CTFF 

process allows the fabrication of long wires, but controlling the 

initial filling density is challenging (Suo et al., 2007; Tomsic et 

al., 2007). To advance the development of superconducting 

devices utilizing MgB2 wire, there is a need for multifilament 

wire created from high-density monofilaments to enhance the 
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critical current density (Jc(B)). Investigating the structural 

properties of MgB2 filaments is crucial to advance the 

development of MgB2 filaments. The deformations during the 

production process are highly effective on the electrical 

performance of MgB2 wire (Goldacker et al., 2004a). Filament 

size, geometrical alignment, filament integrity, and sausage 

effects related to wire structure can be easily explored using the 

optical microscopy and scanning electron microscopy, but 

these methods are destructive. Masayoshi and Yuichi (2023) 

conducted a study involving an MgB2 wire with 18 filaments, 

utilizing X-ray computed tomography (CT) to observe 

deformations such as sausage effects and filament breakage 

points on the filament surfaces. X-ray CT is effective as a non-

destructive method for detecting deformations, but it is not 

sufficient to definitely distinguish types of deformation, such as 

cracks or sausages.  

In this study, we used an etching technique to understand 

the origin of deformations in the filaments. The 6 filament 

Fe/Cu/Nb/MgB2 multifilament wire was produced using both 

cold drawing and rolling methods without any intermediate 

heat treatment. The iron (Fe) and copper (Cu) sheaths were 

selectively etched using a hydrochloric acid (HCl) and nitric 

acid (HNO3) solution, to expose the niobium (Nb) filaments. 

We examined the deformities arising during the cold-forming 

process on Nb filaments for different wire diameters. The 

electrical performance of the multifilament superconducting 

wires was tested by R – T and I – V measurements. 

2. Materials and Methods 

The mono-filament MgB2 wire used for making the 

multifilament wire was fabricated with Cu/Nb sheaths. 

Amorphous nano-boron powder (98% purity, < 250 nm size) 

and magnesium powder (99% purity, 74–144 µm size) were 

mixed according to the stoichiometric ratio (Mg+2B) using ball 

milling for 3 hours (Agate ball ratio 1:4, 200 rpm). The 

prepared powder mixture was filled into Nb tube (outer/inner 

diameter: 8/5 mm), and the Nb tube was placed into a Cu tube 

(outer/inner diameter: 12/8.30 mm). The prepared 

Cu/Nb/Mg+2B sample was drawn from 12 mm to 1.94 mm 

without any intermediate heat treatment. The six wire pieces 

were then cut from the monofilament wire and the pieces were 

placed into a Fe tube (outer/inner diameter: 8/6 mm) with a Cu 

rod having diameter of 1.94 mm. The Cu rod was used as a 

stabilizer at the center of the filaments. Finally, the 

multifilament wire was produced for two different diameters of 

1.02 and 0.82 mm by using cold drawing and rolling machines 

without any intermediate heat treatment as represented in 

Figure 1. During the cold forming processes, some pieces with 

diameters of 3.62 mm, 2.71 mm, 2.32 mm, and 1.50 mm were 

cut from the multifilament wire for the surface examination of 

Nb filaments (see Figure 2). The electrical measurements were 

performed on the wires with diameters of 1.02 mm and 0.82 

mm, which were heat treated at 650 °C for 15–30–45–60–240 

min. and at 700 °C for 60 min. Resistivity (ρ –T) measurements 

were carried out between 10 and 45 K by applying 500 mA of 

DC current. The current-voltage (I – V) measurements were 

performed at 25 K under external magnetic field by applying a 

maximum 1 A DC current. Structural analyses were performed 

on the cross-sectional surface of the wires and the longitudinal 

section of Nb filaments by using optical microscopy before heat 

treatments.

 

Figure 1. Schematic representation for multifilament wire fabrication.  
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Figure 2. Surface images of wire pieces cut in different diameters during the cold forming process. The wire diameters are (a) 3.62 mm, 

(b) 2.71 mm, (c) 2.32 mm, and (d) 1.50 mm, respectively. 

 

Figure 3. The percentage ratio of surface area of materials at different wire diameters. 

 

The metallic cladding parts of the multifilament wires 

occupy 94% of the total cross-sectional area as shown in Figure 

3. This also means that the superconducting MgB2 content of 

the wire is only 6%. The fact that the cross-sectional areas of 

the core and metal components remain proportionally constant 

at different diameters is an indication that the 

extension/compression ratio is maintained. 

3. Results and Discussion 

Figures 4(a) and (b) illustrate the ρ – T curves of 

Fe/Cu/Nb/MgB2 multifilament wires heat treated at different 

annealing temperature and time. It is seen from Figures 4(a) and 

(b), all wires showed transition from normal to superconducting 

state in self-magnetic field. The zero resistivity is achieved at 

temperatures between 34 K and 35 K for all wires. The inset 

graphs in Figures 4(a) and (b) indicate the presence of a sharp 

superconducting transition for all wires. The superconducting 

transition width (∆𝑇) was determined to be below 1 K.  The 

wires heat treated at 650 °C for 1h or less have slightly lower 

Tc values than wires heat-treated at 650°C for 240 min. and 

700°C for 60 min. This difference in Tc became more 

pronounced in wires with a diameter of 0.82 mm. The steep 

linear increase in normal state resistivity with increasing 
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temperature and the low ρ(40 K) value of 0.15 μΩ.cm are result 

of the high metallic content of the wires.  

 

 

Figure 4. The resistivity vs. temperature curves of 

multifilament wires produced for two different diameters of (a) 

0.82 and (b) 1.02 mm. The wires were heat treated under 

different conditions. 

Figures 5(a) and (b) show the E – I curves obtained at 25 K 

under 3.75 T for the wires with diameters of 0.81 mm and 1.02 

mm, respectively. Different sections of the multifilament wire 

were used for each E – I measurement. It is observed that there 

are some changes on the transport properties of 

Fe/Cu/Nb/MgB2 multifilament wires annealed under different 

heat treatment conditions. It may be thought that the changes in 

Ic values may be caused by differences in heat treatment 

conditions, but this is not evident in the E – I measurements 

obtained with an applied current of 1 A. As seen in Figure 5(b), 

the Ic value of the wire annealed at 650 °C for 15 min. is the 

same as that of the wires annealed at 700 °C for 60 min. and 

650 °C for 60 min. On the other hand, it is evident that the 

diameter of the wire directly influences its transport properties, 

as decreasing wire diameter leads to an increase in core density. 

As seen in Figures 5(a) and (b), the Ic values of the wires under 

external magnetic field decreases when the wire diameter is 

reduced from 1.02 mm to 0.82 mm.  

 

Figure 5. Electric field vs. current curves of multifilament 

wires with diameters of (a) 0.82 mm and (b) 1.02 mm. The 

wires were annealed at different temperature and time. 

Images taken with an optical microscope from a single 

filament of multifilament wires with outer diameters of 0.82 

mm and 1.02 mm subjected to different heat treatments are 

given in Figures 6 and 7, respectively. When the images are 

examined, the orange core regions in the wires show that MgB2 

phase is successfully formed. It is seen that the use of large Mg 

particles results in the formation of a locally dense MgB2 

structure, but also causes some unreacted boron regions to 

remain, appearing as black regions in the core structure. The 

size and distribution of unreacted boron regions are similar in 

the filaments of wires annealed under different heat treatment 

conditions. This reveals that short-term low-temperature (650 

°C - 15 min) annealing is sufficient for MgB2 phase formation.
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Figure 6. Single filament images taken with an optical microscope at 20x magnification from the cross-section of multifilament wires 

with a diameter of 0.82 mm. The multifilament wires are heat treated at different conditions, (a) 650 °C -15 min., (b) 650 °C -30 min, 

(c) 650 °C - 45 min., (d) 650 °C - 60 min., (e) 650 °C -240 min., and (f) 700 °C - 60 min. 

 

Figure 7. Single filament images taken with an optical microscope at 20x magnification from the cross-section of multifilament wires 

with a diameter of 1.02 mm. The multifilament wires are heat treated at different conditions, (a) 650 °C -15 min., (b) 650 °C -30 min, 

(c) 650 °C - 45 min., (d) 650 °C - 60 min., (e) 650 °C -240 min., and (f) 700 °C - 60 min. 

 

Figure 8 shows the Nb filaments obtained after etching the 

Fe and Cu sheath parts of the unreacted multifilament wire. An 

effective acidic solution was used in the etching process that 

selectively dissolved iron and copper without damaging the Nb 

filaments (Chmielewski et al., 1997; Heini et al., 2017). The 

etching process was applied to wires with diameters of 1.50 

mm, 1.02 mm, and 0.82 mm. Each wire was 6 cm in-length and 

the wire ends were securely sealed to avoid any reaction 
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between the MgB2 core and acidic solution. After dissolving Fe 

and Cu layers, Nb filaments were successfully extracted as 

shown in Figure 8. Structural examination of these filaments 

was carried out using an optical microscope, and the images of 

Nb filaments are given in Figure 9. It is revealed that the 

sausage effect initiates at a diameter of 1.50 mm, as shown in 

the up row of Figure 9. A continuous cold drawing process from 

1.50 mm to 0.82 mm diameter gradually increases the sausage 

effect and results in significant tear-ups on the surface of the 

Nb sheath, as shown in Figure 9. Some filaments exhibit 

notable deformations, such as cracks, sausage structures, and 

tears (see Figure 10) but the many filaments for each diameter 

remain unaffected. These deformations arise due to non-

uniformity in powder density within the wire (Shan et al., 

2012). Furthermore, the agglomeration of B powder with large 

Mg particles can create non-uniform powder regions along the 

wire, making such deformations worse. In multifilament wires, 

filament deformations cannot be precisely detected from the 

outside; existing deformations in the filaments affect the flow 

of current throughout the entire wire and lead to adverse 

thermal instabilities which cause quench effects (Goldacker et 

al., 2004b).

 

Figure 8. Nb/MgB2 filaments of unreacted multifilament wire after etching process. 

 

Figure 9. Nb mono filaments cut from unreacted multifilament wires in different diameters of 1.50 mm (top), 1.02 mm (middle), 0.82 

mm (bottom). 
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Figure 100. Deformities on Nb filaments. The wire pieces were prepared using (a) - (b) 200-325 mesh Mg powder. (c) - (d) 100-200 

mesh Mg powder. 

 

4. Conclusion 

In this study, we examined possible structural problems on 

the inner surface of multifilament Fe/Cu/Nb/MgB2 wire 

produced by cold forming methods. It is observed that defects 

such as tearing and sausaging do not occur all along the wire, 

but they may occur at several arbitrary locations on some 

filaments. The production-related deformations worsen the 

transport properties of the wire as the wire diameter decreases. 

Our results suggest that the sausaging at large diameters may 

be a significant contributor to the tearing of the sheath material 

at small wire diameters. It is revealed that the superconducting 

core structures of the wires subjected to different thermal 

treatments are similar, so, a short-term low-temperature (650 oC 

- 15 min) annealing is sufficient for MgB2 phase formation. 

Defects occurring in Nb/MgB2 filaments cannot be determined 

from the external structure of multifilament wires, but they 

negatively affect the transport properties of the wire. The use of 

finer Mg powder for initial Mg+2B mixture will benefit against 

filament deterioration (Fig. 10). The etching has emerged as an 

effective technique to study the structural properties of internal 

Nb filaments without damaging them. This is also important for 

joining MgB2 multifilament wires. As a result, we showed that 

Fe/Cu/Nb/MgB2 wires up to 0.82 mm in diameter can be 

produced without any major structural problems by cold 

forming method without applying strain-relief heat treatment.  
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