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Abstract

Iron-based superconducting wires and tapes hold great promise for high-field magnet
applications. A promising design for 122-type wires and tapes based on the powder-in-tube
method 1s using silver and copper double-layer sheaths. For this design a heat treatment
temperature below ~779°C is required to prevent Ag-Cu liquid formation. However, this may be
below the optimal heat treatment temperature for the critical current density, and still cannot
prevent Ag-Cu interdiffusion occurring in the solid state. In this work we propose adding a
niobium or tantalum or vanadium (or their alloys) barrier layer between the Ag and Cu to solve
the Ag-Cu interdiffusion issue, given that the group-VB metals (vanadium, niobium, tantalum)
are relatively inert to both Ag and Cu. To investigate the effectiveness of this design,
BaFe; 34C0016As2 wires and tapes with Ag/Cu and Ag/Ta/Cu sheaths, as well as Bag ¢Ko 4Fe2As>
wires and tapes with Ag/Cu and Ag/Nb/Cu sheaths, were fabricated. It was found that both the
Ta and Nb layers kept integral after wire drawing, but after a large flat-rolling reduction the Ta
layer broke while the Nb layer kept integral. In the tapes with Ag/Cu sheaths (without the Ta or
Nb layer) Cu diffused through the Ag layer and into the powder cores during 740°C heat
treatment, while in the tapes with Ag/Nb/Cu sheaths the Nb layer effectively blocked Ag-Cu

interdiffusion even at 900°C. This work demonstrates that Ta is a suitable barrier material for
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122-type wires, while Nb is suitable for both wires and tapes. In this design using Ag/Nb (or
Ta)/Cu sheaths, we can regard the outer Cu as the conductor matrix while the Ag and Nb (or Ta)
serve as two layers of barriers that suppress reactions between the components. Thus, we call this

design a “bi-layer barrier” design for 122-type wires and tapes.

Keywords: iron-based superconductors, interdiffusion, sheath materials, heat treatment.

1. Introduction

Iron-based superconductors (IBS), despite their youngness, have shown great promise for
high-field magnet applications [1-4]. Among the various types of IBS that can be fabricated into
wires and tapes using the powder-in-tube (PIT) method, the 122 family achieves the best current-
carrying performance at present [3, 5-7]. The 122-type IBS, with critical temperature (7%) up to
38 K [8,9], upper critical field above 100 T [10], relatively small anisotropy (~2) [11-13]
compared with other high temperature superconductors, have a potential to offer unique
advantages over other superconductors. Compared with NbTi and NbsSn, they may be used at
higher temperature (e.g., 20 K) and higher field [2,3]. Compared with ReBCO coated
conductors, they can be fabricated into multifilamentary, round wires that are more convenient
for the construction of many types of magnets [14-17]. Compared with BSCCO wires and tapes,
their advantage is the potential for lower cost and higher mechanical strength because they do
not have to use only Ag (or Ag-rich alloys) as the matrix. Presently the primary issue limiting
their application is the relatively low critical current density (J:) compared with other
superconductors at the relevant fields. The highest reported J. values at 4.2 K, 10 T presently for
IBS wires and tapes are 5.4x10* A/cm? [14] and 1.5x10° A/cm? [18], respectively. The flat-

rolling process, which turns wires into tapes, strongly enhances J; by inducing c-axis texture in



the IBS and reducing grain misalignment [18]. As IBS are still in the early stage of development,
there 1s still significant potential for further improvement. Studies in order to better understand
the impurity segregation and compositional variations that limit the intergranular J; [19-21], the
factors mnfluencing the grain orientation [22], the flux pinning mechanism in the IBS materials

(e.g., [23]), among other aspects, may all contribute to further J. improvement.

Another factor that significantly impacts the IBS performance is the sheath material. Ag is
the metal that has the least reaction with 122 powders [24], so Ag and Ag-rich alloys [25] are
usually used to contain 122 powders. However, using only Ag as the matrix would lead to high
cost and weak conductor strength as Ag is soft. An alternative design that has become more and
more common is using Ag/Cu double-layer sheaths (i.e., an Ag tube encompasses the IBS
powder while a Cu tube 1s outside the Ag tube) [26-28]. Cu 1s a preferred material for the
matrices of superconductors due to its multiple advantages: high electrical and thermal
conductivities, good drawability, relatively low cost, being non-magnetic, etc.. However, a
problem with this design is the Ag-Cu interdiffusion during heat treatment. At 779°C Ag and Cu
even form a liquid. To prevent the liquid formation, heat treatment temperatures below 770°C
have usually been used [26-29]. However, even though no liquid forms in this low temperature
range, Ag and Cu can still inter-diffuse in the solid state and this is detrimental to the conductor
residual resistivity ratio (RRR) and thermal conductivity [30]. Furthermore, previous studies to
investigate the effect of heat treatment on the superconducting properties of 122 tapes showed
that J. increased monotonically as the heat treatment temperature was increased from 700 to 800
and further to 850-900°C, due to improved grain connectivity and c-axis texture [31,32].
However, in the Ag/Cu double-sheath design the low temperature required to avoid Ag-Cu liquid

formation is significantly below the optimal heat treatment temperature. Thus, a solution to



prevent Ag-Cu interdiffusion and allow a much wider heat treatment temperature window may

contribute to further J. improvement of 122-type wires and tapes.

In order to block Ag-Cu interdiffusion we proposed a new design in 2021 [33], which adds a
layer of niobium or tantalum or vanadium (or one of their alloys) between Ag and Cu because
the group-VB metals (vanadium, niobium and tantalum) are relatively inert to both Ag and Cu.
For example, they are immiscible with Ag, and their solubility in Cu is negligible, while Cu has
small solubility (<2 at.%) in V and Nb (but not in Ta) at 900°C [34-36]. This work will explore
the feasibility of using Nb or Ta, with the goal of investigating if this Nb or Ta layer can: (1)
keep integral during wire drawing and flat-rolling, (2) prevent Ag-Cu interdiffusion for high heat
treatment temperatures (e.g., up to 850-900°C that was demonstrated to be the optimal range for

J. [31,32]).

2. Experimental

Two 122-type IBS powders, with nominal compositions of BaFe;gsCooi16As2 and
Bap Ko 4Fe2Aso, respectively, were produced at Tokyo University of Agriculture and Technology
(TUAT). To prepare the Co-doped 122 powder, Ba, Fe, Co, As with molar ratios of 1:1.84:0.16:2
were mixed and ball milled in Ar atmosphere [37,38]. Then the powder was compressed into a
pellet, sealed in a quartz tube under vacuum and sintered at 900°C for 60 hours before ground
into powder, which was then filled into an Ag tube with inner diameter (I.D.) of 4 mm and outer
diameter (O.D.) of 6 mm. To make the K-doped 122 powder, Ba, K, Fe, As with molar ratios of
0.6:0.47:2:2.1 (excess K and As were added to compensate their loss) were mixed and ball

milled in Ar atmosphere, and the ball-milled powder was directly filled into a 4 mm I.D. x 6 mm



0.D. Ag tube. X-ray diffraction (XRD) measurements verified that the majority of the powders

were Ba-122 phases, with some Fe and FeAs phases also found.

Then the powder-filled Ag tubes were sealed in Ar-filled plastic bags and sent to Fermilab
for wire fabrication. To compare the wires with and without Ta, a half of the Ag tube filled with
the Co-doped 122 powder was wrapped tightly by >2 but <3 turns of 140 pm thick pure Ta foil
(fully annealed), while the other half was not covered. Then the Ag tube with the Ta foil was
inserted into a 9.4 mm L.D. x 12.7 mm O.D. Cu tube. Similarly, a half of the Ag tube filled with
the K-doped 122 powder was tightly wrapped by >2 but <3 turns of 130 pm thick pure Nb foil
(fully annealed), and then inserted into a 9.4 mm I.D. x 12.7 mm O.D. Cu tube. Then the
assemblies were drawn to 1.21 mm diameter in a wire drawing vendor. No breakage occurred
during the wire drawing. This allowed us to obtain four wires: the Co-doped Ba-122 wires with
Ag/Cu sheaths and Ag/Ta/Cu sheaths, as well as the K-doped Ba-122 wires with Ag/Cu sheaths
and Ag/Nb/Cu sheaths, here named “Co-noTa”, “Co-Ta”, “K-noNb”, and “K-Nb”, respectively.
The four wires were flat-rolled to 0.4 mm thickness (corresponding to 67% thickness reduction)
in 4 passes to check the integrity of the Ta and Nb layers after rolling. After finding that the Nb
layer kept integral while the Ta layer had broken after 67% rolling reduction, we also rolled the
K-Nb wire to 0.33 and 0.2 mm thicknesses in 5 passes and 7 passes, respectively (corresponding
to 73% and 84% reductions, respectively). Here these tapes are denoted “Co-noTa-67%", “Co-

Ta-67%", “K-noNb-67%", “K-Nb-67%", “K-Nb-73%", “K-Nb-84%", respectively. For each

wire and tape straight segments were sealed in quartz tubes under vacuum and heat treated at
740°C for 12 hours. The Co-Ta and K-Nb wires and tapes were also heat treated at 850°C for 2
hours and at 900°C for 0.5 hours to check the effectiveness of the Ta or Nb layer in blocking the

Cu-Ag interdiffusion at high temperatures.



Cross sections of the samples were polished for scanning electron microscopy (SEM) and X-
ray energy-dispersive spectroscopy (EDS) studies, for which an accelerating voltage of 25 kV
was used. The error for the EDS measurements is about 1 at.%, and due to the interaction volume
there is a transition width of a few microns for an EDS line scan across an interface. Samples of
3-4 mm lengths were measured in a vibrating sample magnetometer (VSM) for magnetization
versus temperature (M-7) curves at 1 mT, with the sample length perpendicular to the magnetic
field. RRR values of some samples were measured using the four-point method at zero field; a
sensing current of 1 A was used, and the voltage tap separation was 5 mm. The RRR values were
taken as the resistances at room temperature (about 295 K) over those at 40 K, which i1s above

the 7. of the Ba-122 samples.

3. Results and discussions

Fig. 1 shows SEM images of the four wires without heat treatment. Both the Ta and the Nb
layers kept integral after wire drawing. It 1s also seen that the Ta or Nb does not have a uniform
layer thickness: e.g., the circled regions in Fig. 1 are thinner than the rest of the layers. This
thickness non-uniformity was caused by the fact that we wrapped >2 but <3 turns of Ta or Nb
foil around each powder-filled Ag tube — the thinner regions were just the parts that were not
covered by the third foil turn. In this work we simply used foils to add the Ta or Nb layer for the
demonstration purpose; however, for future production of IBS wires and tapes, use of Ta or Nb
tubes 1s preferred — this should solve the thickness non-uniformity issue and also benefit wire
drawing and rolling. It is also seen that the Ta layer has a higher degree of surface roughness
than the Nb layer. This 1s perhaps because the mechanical property mismatch between the hard

Ta and the soft Cu (or Ag) is higher than the mismatch between Nb and Cu (or Ag): e.g., both



the yield strength and the work hardening rate of Ta are much higher than those of Cu [39].
Higher surface roughness is certainly undesirable because it may make the layer easier to break.
On the other hand, given that Ta has been used successfully for decades as the standard barrier
material for bronze-process and single-barrier internal-tin NbsSn wires even with large drawing
strains [40], we believe that Ta can also be a suitable barrier material for 122 wires, provided that

large flat-rolling reduction is not required (as discussed below).

K-doped
122 powder

Co-doped

122 powder
Ag layer Ag layer

Ta layer Nb layer

Cu layer Cu layer —

Fig. 1. SEM images of (a) Co-noTa, (b) Co-Ta, (c) K-noNb, (d) K-Nb wires without heat

treatment. The circled regions are thinner than the rest of the Ta and Nb layers.

Fig. 2 shows SEM 1mages of all of the tapes before heat treatment. It is seen from Fig. 2b that
some gaps emerge in the Ta layer, indicating that it broke during flat-rolling. In contrast, no
opening was found in the Nb layer in any of the K-Nb tapes (for each tape multiple cross
sections were observed), indicating that the Nb layer kept integral during flat-rolling, even for a
reduction as high as 84%. The reason why Ta could not perform as well as Nb during flat-rolling
1s perhaps related to its higher yield strength and the higher surface roughness mentioned above

(the layer tends to break at the indentations, especially as the layer becomes thin).



Fig. 2. SEM images of (a) Co-noTa-67%, (b) Co-Ta-67%, (c) K-noNb-67%, (d) K-Nb-67%, (e)

K-Nb-73%, and (f) K-Nb-84% tapes before heat treatment.

Fig. 3 shows SEM images of the Co-Ta-67% tape and the K-Nb-84% tape after the 850°C/2h
heat treatment as well as the K-Nb-84% tape after the 900°C/0.5h heat treatment. As a result of
the Ta layer breakage, Ag-Cu interdiffusion occurred through the gaps in the Ta layer in the Co-
Ta-67% tape, forming Ag-Cu liquid (Fig. 3a). On the other hand, the integral Nb layer prevented
liquid formation in the K-Nb-84% tapes for both the 850°C and 900°C heat treatments.
However, we did observe a few tiny, localized leakage spots (much smaller than 1 mm) at one of
the two faces of the K-Nb-84%-850°C/2h tape (but not at the K-Nb-67% or the K-Nb-73% tapes
heat treated at 850°C or 900°C), indicating that the Nb layer was discontinuous at a few tiny
spots in the K-Nb-84% tape. This is most likely due to the thickness non-uniformity of the Nb
layer — 1.e., the thin region (circled in Fig. 1d) was not thick enough to keep integral everywhere
after 84% rolling reduction, which explains why only one face of the K-Nb-84%-850°C/2h tape
had such leakage spots while the other face did not. Thus, we believe that this problem can be
solved if a uniform Nb layer (e.g., by using Nb tubes instead of foils) with a thickness above the

“safety threshold” is used. It is worth mentioning that this is also related to the flat-rolling



process: we tried flat-rolling the K-Nb wire to 0.2 mm thickness in one pass but saw a severe
leakage after 850°C heat treatment, indicating that the rolling technique has a critical influence

on the Nb layer.

Fig. 3. SEM images of (a) the Co-Ta-67% and (b) the K-Nb-84% tapes after 850°C/2h heat

treatment, and (c¢) the K-Nb-84% tape after 900°C/0.5h heat treatment.

To further verify if any reactions between the components occurred, the elemental
distributions in these tapes were measured. EDS line scans starting from the powder core region
and ending within the outer Cu region were obtained for the Co-noTa-67% and the K-noNb-67%

tapes after the 740°C/12h heat treatment and are shown in Fig. 4.
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Fig. 4. EDS line scans starting from the powder core region and ending within the outer Cu
region for (a) the Co-noTa-67% and (b) the K-noNb-67% tapes after the 740°C/12h heat

treatment.

From Fig. 4 it 1s seen that the Co-noTa-67% and the K-noNb-67% tapes show similar
phenomena. (1) Ag diffused into the outer Cu, forming a Cu-Ag solid solution with Ag content
as high as 4at.%. This would ievitably reduce the matrix RRR and thermal conductivity [30].
(2) Cu diffused into Ag, and the Cu content in the Ag-Cu solid solution was as high as 9at.%.
Notably, Cu diffused across the whole Ag layer. (3) Cu also diffused into the IBS core, with a
content as high as 5at.%. How Cu distributes in the IBS powder (e.g., at grain boundaries or in
the lattice) and how it affects the IBS J still requires further studies. The diffusion of Cu across
the Ag layer and into the IBS core is driven by the gradient of the chemical potential of Cu. Of
course, this can be suppressed by increasing the Ag layer thickness or reducing the heat

treatment temperature or time, but the former would lead to increased conductor cost and

10



reduced strength, while the latter may reduce J. if the heat treatment is lighter than the optimal

schedule.

An EDS line scan was also obtained for the K-Nb-84% tape after the 850°C/2h heat
treatment and 1s shown in Fig. 5. It can be seen that Ag did not diffuse into the Cu layer. The
measured RRR (the ratio of the resistivity at 295 K to that at 40 K) of the K-Nb-84%-850°C/2h
tape was 32, noticeably higher than those of the Co-noTa-67% and K-noNb-67% tapes after
740°C/12h heat treatment (20 and 17, respectively). Although some Cu diffused into the Nb
perhaps because Cu has a little solubility in Nb (< 2 at.% at 900°C) [35], the Cu content in the
Ag layer was very low and that in the IBS core was negligible, indicating that the Nb layer
effectively blocked Ag-Cu interdiffusion. On the other hand, an As peak is seen at the Ag/Nb
interface. We indeed found an As-containing layer (<1 pm thick) at the Ag/Nb interface, but our
EDS measurements of the cores showed that it had little influence on the IBS powder
composition. The average composition of the IBS cores of the K-Nb tapes was 12.2at.%Ba,
8.9at.%K, 40.3at.%Fe, 38.6at.%As, while that of the K-noNb tapes was 12.1at.%Ba, 8.8at.%K,
40.5at.%Fe, 38.6at.%As. Thus, we do not expect this to affect the IBS superconducting
properties. The cause for the presence of As in the Ag/Nb interface is worth further investigation.
It 1s worth mentioning that our EDS measurements on the Co-Ta wire after the 850°C/2h heat
treatment (which had no Cu-Ag liquid formation at all due to the intact Ta barrier layer) showed
that no Cu diffused into the Ta layer or the Ag layer (probably due to the fact that Cu and Ta
have no solubility in each other [36]) and that there was no As in the Ag/Ta interface. This

indicates that for 122-type wires, Ta may be a better barrier material than Nb.
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Fig. 5. EDS line scan starting from the powder core region and ending within the outer Cu region

for the K-Nb-84% tape after the 850°C/2h heat treatment.

We also attempted to measure the superconducting properties of these samples. However, the
M-T curves showed broad 7. transitions and relatively large variations along the sample length
for all of the samples (both the Co-doped and K-doped wires or tapes), indicating that there was
certain degree of inhomogeneity in our 122 powders. This makes a fair comparison between the
samples with different designs impossible. As this was our first trial in fabricating 122 wires,
some problems might have occurred during fabrication of the powders or wires (for example, the
lack of the pre-sintering step for the K-doped powder may be a cause of the problem). On the
other hand, this does not affect the completeness of this study because its major purpose is to
investigate if this new design can solve the Ag-Cu interdiffusion issue in a wide temperature
range. From this perspective the conclusion is already quite clear from the above metallography
and composition results, which demonstrate that addition of an Nb layer (or a Ta layer for wires)

with a uniform thickness above the safety threshold can indeed prevent Ag-Cu interdiffusion or
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liquid formation at high temperatures. Using this design to fabricate 122-type wires and tapes to
achieve high performance, which requires high-quality and uniform 122 powders, will be
pursued in subsequent efforts and also possibly by other groups. We hope that this new design,
by allowing the use of the optimal heat treatment, can contribute to further J. improvement for
122-type wires and tapes. Another interesting question to be investigated 1s, whether the lower
thermal expansion of Nb (or Ta if to be used in a round wire) and its higher strength at high
temperatures may help in constraining the IBS core expansion during heat treatment, leading to

densification of IBS core and benefiting J.

Finally, 1t 1s worth mentioning that in this new design, the Cu can be the major component
for the conductor matrix while the Ag and the Nb (or Ta) layers can be much thinner than Cu,
provided that they keep intact everywhere after the mechanical deformations (e.g., wire drawing
and rolling). If we compare the IBS with this design to the widely-used NbTi and NbsSn
conductors, we can still regard the Cu as the matrix, and regard the Ag and Nb (or Ta) layers as
two additional barriers to overcome the chemical incompatibility between the components: the
function of the Ag layer is to prevent reaction between the 122 powder and the Nb (or Ta) layer,
while the function of the Nb (or Ta) layer is to prevent Ag-Cu interdiffusion. Thus, we refer to
this design as “bi-layer barrier” design for 122 PIT wires and tapes. This design can be used for

both mono-filamentary and multi-filamentary wires and tapes.

4. Conclusions

This work proposes a bi-layer barrier design for 122-type wires and tapes, in which Cu is the
major matrix while Ag and Nb (or Ta) layers serve as two chemical barriers to prevent reactions

between components during heat treatment. To investigate the effectiveness of this design, Ba-
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122 wires and tapes with and without a Ta or Nb layer were fabricated. It turned out that both the
Ta and the Nb layers kept integral after wire drawing, but Ta broke during flat-rolling, while the
Nb layer kept intact even for large rolling reductions. This demonstrates that Nb is a suitable
barrier material for both wires and tapes, while Ta is usable for wires. Composition studies
showed that for the tapes with Ag/Cu sheaths (i.e., without the Ta or Nb barrier), Cu diffused
across the Ag layer and into the IBS core, while an intact Nb barrier could effectively prevent
Ag-Cu mterdiffusion and prevent Cu diffusing into IBS core even at 900°C. We propose to use

this bi-layer barrier design for further improvement of IBS wires and tapes performance.
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