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Abstract. Outstanding characteristics with high Tc and Hc2 and small anisotropy in iron-based 

superconductors (IBSs) have triggered the development of superconducting wires and tapes 

using these novel superconductors. In this short article, developments and present status of 

round wires of 122-type IBSs are reviewed. By introducing hot-isostatic pressing (HIP) 

technique, Jc in round wires of 122-type IBSs has been improved significantly. Further 

improvements have been realized by refining the fabrication process of the core material and 

introducing partial texturing of the wire core. The largest transport Jc for round wires at 4.2 K 

at self-field and 100 kOe are 2.0x105 A/cm2 and 3.8x104 A/cm2, respectively. We also compare 

the Jc characteristics of wires and tapes processed by HIP. 

1.  Introduction 

Iron-based superconductors (IBSs) have very promising characteristics for high-field applications with 

their reasonably high Tc, Hc2, and Jc, and small anisotropy [1,2]. Among various IBSs, 122-type 

compounds are most extensively studied due to the fact that stable single crystals with good 

characteristics can be easily obtained. Jc close to 1.0x106 A/cm2 at low temperatures is realized in 

single crystals of 122-type IBSs [3,4] and further enhancement of Jc by irradiation has also been 

demonstrated [5-7]. In particular, (Ba,K)Fe2As2 single crystal has a large Jc, and it can be enhanced 

over 1x107 A/cm2 (4.2 K, self-field) after irradiation [8-10]. Several techniques have been applied to 

fabricate superconducting wires and tapes of IBSs [1]. Among them, round wires fabricated using the 

powder-in-tube (PIT) method is the simplest ones and the first wires using 1111-type IBS was 

fabricated using this technique [11]. In addition, round wires produced by PIT technique is most 

suitable for winding high-field magnets. Up to now, using 122-type IBSs, (Ba,K)Fe2As2 and 

(Sr,K)Fe2As2 PIT round wires have been fabricated, and reasonably high in-field Jc has been reported 

[8, 12-19]. On the other hand, Jc characteristics in tapes are better than round wires, in particular, in 

pressed tapes. The practical level of Jc of 1x105 A/cm2 has been achieved even at 100 kOe in pressed 

tapes [20,21]. This is due to the high degree of texturing and high density in the pressed tape.  

There are three kinds of sites where we can modify physical properties of 122-type IBSs, namely 
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(Ba,A)Fe2As2 (A: Alkali earths), Ba(Fe,M)2As2 (M: transition metals), and BaFe2(As,P)2. Among these 

three kinds of materials, BaFe2(As,P)2 is least extensively studied. Although reasonably high-quality 

bulk polycrystalline materials are reported, their Jc characteristics are not well known [22]. Actually, 

when the PIT wires are fabricated using BaFe2(As,P)2, only a small value of Jc~1,000 A/cm2 (4.2 K, 

self-field) is realized possibly due to the presence of minor ferromagnetic impurity phase Fe2P. The 

situation is similar in the case of Ba(Fe,Co)2As2. The largest Jc reported for wires of Ba(Fe,Co)2As2 is 

~ 1x104 A/cm2 at 4.2 K and self-field [14,19,23]. 

   In this short article, present status of Jc characteristics of PIT round wires of 122-type materials are 

reviewed focusing on (Ba,K)Fe2As2. We report the latest result of the highest Jc of 3.8x104 A/cm2 at 

4.2 K under 100 kOe in (Ba,K)Fe2As2 PIT wire. Characterizations of the PIT wires including magneto-

optical imaging and X-ray analyses are reported. We also compare the Jc characteristics of wires and 

tapes, both processed under high pressure. 

2.  Experiments 

All the superconducting wires of 122-type IBSs were fabricated using powder-in-tube (PIT) method. 

For the last couple of years, we have constantly improved the fabrication processes. Five kinds of PIT 

wires of Ba0.6K0.4Fe2As2 are reported in this article [15-18]. Typical characteristics of these wires are 

summarized in Table 1. 

 

Table 1. Characteristics of round wires of Ba0.6K0.4Fe2As2, #1 [15], #2 [16], #3 [17], #4 [18], and new 

wire #5. “G” and “D” in the drawing method mean “groove-roller” and “dies”, respectively. 

Wires Drawing

method 

Sintering  

T (Co) 

Sintering  

P (MPa) 

Sintering 

time (h) 

 

Diameter 

(mm) 

Jc (4.2 K, sf) 

(A/cm2) 

Jc (4.2 K, 10 T) 

(A/cm2) 

#1 G 900 0.1 36 0.6 1.0x104 500 

#2 G 600 120 4 1.2 3.8x104 3.0x103 

#3 G 700 175 0.5 1.2 1.2x105 9.0x103 

#4 G 700 175 4 1.2 1.8x105 2.0x104 

#5 G/D 700 175 4 1.2 2.0x105 3.8x104 

 

   In the first generation PIT wire #1, starting raw materials were mixed in a glove box filled with Ar 

gas but with insufficient purity, and the mixing process was performed by hand using agate mortar 

[15]. After the introduction of glove box with a gas purification function and planetary ball milling 

machine for pulverizing raw materials for wire #2-#5, Jc was improved significantly. We also 

introduced hot-isostatic pressing (HIP) process after wire #2 [16]. In the HIP process, starting powders 

are first filled in a Ag tube with inner diameter of 3 mm, and then drawn down to a diameter of 1.2 

mm. After this, the drawn wire was put in a 1/8” outer diameter Cu tube and drawn to a final diameter 

of ~1.2 mm. After the drawing process, both ends were sealed by using arc welding. Details of wire 

fabrication conditions for each wire are described in the corresponding reference, except for the #5. In 

the latest wire fabrication #5, wire-drawing dies were introduced to make the wires into more perfect 

round shape, which also helped to make the cross section of the core more circular. Unfortunately, 

however, we had to introduce groove-roller in the last stage of the wire drawing, since wires were 

often broken in the drawing process using dies when the diameter became small.  

   Phase purity of the wire was confirmed by using X-ray diffraction. Shielding characteristics and 

magnetic Jc were characterized by using a commercial SQUID magnetometer (MPMS-XL5, Quantum 

Design). Transport Jc was evaluated at IMR, Tohoku university by using 15 T superconducting 

magnet. Electrical contacts to the wire were made by soldering, and the wire was immersed in liquid 

He to minimize the effect of heating. Magneto-optical (MO) imaging of the wires was performed after 

cutting the wire to reveal the specific cross section of the wire core and polishing them using lapping 

films. Magnetic induction distribution was visualized by using a garnet film. MO imaging was 

performed using a continuous-flow type of cryostat (Microstat-HR, Oxford Instruments), and the  
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Figure 1. (a) X-ray diffraction pattern of (Ba,K)Fe2As2 powder for wire #4. Inset shows blow-ups of 

116 peaks for wires #2 (black), #3 (blue), and #4 (red). (2) Magnetization as a function of temperature 

at 10 Oe for wires #2 (closed squares) #3 (open circles), #4 (closed circles), and #5 (closed triangles). 

As the fabrication process is refined, Tc increases and the transition width becomes narrower. 

 

image was captured by using a cooled-CCD camera (Orca-ER, Hamamatsu). 

3.  Results 

Figure 1(a) shows X-ray diffraction pattern of the final powder samples used for the wire #4 [18]. All 

peaks can be indexed by -ThCr2Si2-type crystal structure, and no impurity peaks are identified. In the 

inset of Fig. 1(a), profiles of (116) diffraction peaks of powders used for the wire #2, #3, and #4 are 

compared. It is obvious that the new powder for wire #4 shows narrow peak profile and clear 

separation of K1 and K2 peaks is observed. This narrow diffraction peak also guarantees 

homogeneity of the grains in the wire core. In Fig. 1(b), the temperature dependence of magnetization 

is compared for the wire #2, #3, #4, and #5. As we successively introduced new processes for the 

improvement of wires, the onset of diamagnetism of the wire shifts to higher temperatures and the 

transition width becomes narrower. It should be noted that IBSs show strong sensitivity to strains, and 

Tc and volume fraction of superconductivity of the as-drawn wires are severely suppressed [17]. Only 

after proper sintering process, the value of Tc and volume fraction recover. In this sense, Tc as high as 

36 K with very narrow transition width in the fabricated wire is not so obvious. 

   Figures 2(a), (b), (c), (d), (e) show optical micrographs of the cross section of the wires #1, #2, #3, 

#4, and #5, respectively. The corresponding MO images are shown in Fig. 2(f), (g), (h), (i), and (j), 

respectively. Obviously, the first generation wire #1 without HIP process shown in Fig. 2(f) is granular 

and low Jc is expected. Actually, transport Jc at 4.2 K and self-field for the wire #1 is only 1.0x104 

A/cm2 [15]. After introducing Ar-gas purification system, planetary ball milling, and high pressure 

sintering (HIP process) at 120 MPa, obvious granularity has been eliminated as shown in the image for 

wire #2 (Fig. 2(g)). Introduction of better-quality starting powders sustained the suppression of 

granularity as shown in Fig. 2(h). MO images keep to demonstrate large intergranular current after 

introducing refined powders by eliminating outer skin part of reacted materials in wire #4 (Fig. 2(i)). 

Now, the latest round wire partly drawn using dies has better geometrical symmetry of the core 

compared with earlier wires as shown in Fig. 2(j). One may notice some darker linear defects in some 

of MO images, as shown in upper half of Fig. 2(h). These are related to the cracks in the core of the 

wire which were introduced in the process of drawing. Similar crack formations have been reported in 

pressed tapes of 122-type IBSs [24]. The presence and direction of the cracks with respect to the 

current flow is responsible for the discrepancy between the Jc values evaluated by transport method 

and those evaluated magnetically [25]. 

   Transport Jc as a function of magnetic field up to 140 kOe for wire #2 (open squares), #3 (closed 
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Figure 2. Optical micrographs of PIT wires (a) #1, (b) #2, (c) #3, (d) #4, and (e) #5. Corresponding 

MO images of PIT wires in the remanent state at 5 K (f) #1, (g) #2, (h) #3, (i) #4, and (j) #5. 

 

squares), #4 (open circles), and #5 (closed circles) are shown in Fig. 3(a). It is obvious that transport Jc 

increases steadily as the fabrication process is refined. After the introduction of HIP process, the low-

field Jc exceeded 1.0x105 A/cm2, and it reached 2.0x105 A/cm2 in wire #5. The transport Jc at 4.2 K 

under 100 kOe has also been enhanced steadily and reached 3.8x104 A/cm2 in wire #5. In Fig. 3(b), 

transport Jc as a function of magnetic field for HIP tapes fabricated in parallel with HIP wires #4 (#4’: 

open triangles) and #5 (#5’: closed triangles) are shown in Fig. 3(b) [18]. It should be noted that HIP 

tape has better Jc characteristics compared with HIP wires especially at lower fields even if they are 

fabricated from the same starting powder. 

 

4.  Discussion 

Let us discuss the reason why we obtained almost twice as large as Jc in wire #5 compared with wire 

#4 at high fields. Our initial intention of using wire-drawing dies was to make the shape of the core 

more symmetric and its density higher. However, it is well known that grains in the core of the PIT 

round wires of quasi-two-dimensional materials such as cuprate or MgB2 are textured [26]. This is due 

to the plate-like shape of the grains. In order to confirm if grains in wire #5 are textured to some extent 

or not, we took X-ray diffraction pattern for two orthogonal cross sections shown in Figs. 4(e) and (f). 

In the case of X-ray diffraction from the longitudinal cross section (Fig. 4(c)), the intensity ratio of 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. (a) Transport Jc as a function of field up to 140 kOe for wire #2 (open squares), #3 (closed 

squares), #4 (open circles), and #5 (closed circles). (b) Transport Jc as a function of magnetic field for 

HIP tapes fabricated in parallel with HIP wires #4 (#4’: open triangles) and #5 (#5’: closed triangles). 
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Figure 4. (a) X-ray diffraction profiles of (002) and (103) peaks taken for the longitudinal cross 

section shown in (c). The same taken for the transverse cross section shown in (d). 

 

(002) and (103) peaks I(002)/I(103) ~ 0.28. On the other hand, in the case of transverse cross section 

(Fig. 4(d)), the same ratio I(002)/I(103) is less than 0.06. The weaker I(002) in the case of the 

transverse cross section indicates that the fraction of c-axis oriented grain on this surface is small. On 

the other hand, modest value of I(002)/I(103) for the longitudinal cross section supports that fraction 

of c-axis oriented grains on this surface is not negligible. Such c-axis-oriented grains can couple along 

the direction of the wire and at least partly suppress weak-links. In the ideal case of round wires made 

out of quasi-two dimensional material with tetragonal symmetry, all grains are expected to align so 

that they become axisymmetric with respect to the center of the wire. To quantitatively evaluate the 

degree of texturing in the wire core, we may need to investigate the evolution of the X-ray diffraction 

intensity by successively exposing different surfaces at different depths or X-ray with much shorter 

wavelength may be necessary.  

5.  Summary 

Present status of the development of round wires using 122-type iron-based superconductors is 

reviewed. Transport Jc has been enhanced by successive introductions of several techniques such as 

high-pressure sintering, control of drawing and sintering condition, promotion of the reaction of raw 

materials by densification, and introduction of dies in the drawing process, which enhanced the 

texturing inside the wire core. The present records of transport Jc of round wires are realized for that 

processed at 175 MPa with values at 4.2 K under self-field and 100 kOe being 2.0x105 A/cm2 and 

3.8x104 A/cm2, respectively. HIP tapes processed in the same condition also demonstrated good 

performance with its transport Jc at self-field and 100 kOe being 2.8x105 A/cm2 and 3.8x104 A/cm2, 

respectively. We expect that further enhancement of Jc can be realized by enhancing the degree of 

texturing and further densification of the core using higher pressure. 
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