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Abstract 
Multifilamentary Nb-Ti superconducting wires with heterogenous flux pinning 

nano-structures have been fabricated using artificial pinning center (APC) technology. 
Pinning centers were introduced into Nb-Ti filaments, consisting of Cu-Ni, Nb and Nb+Ti 
rods with the triangular arrangement and the volume fraction of 17 %. After final hot 
extrusions, the APC wires were drawn down over a high strain range of εf ~9. In the Cu-Ni 
APC, Kirkendall voids were produced at the interface of pins by diffusion during drawing 
processes. Typical diameters of the voids were less than 20 nm and they formed with 
remarkable pinning array. It works out high Jc at low fields. On the other hand, in the Nb and 
Nb+Ti APC’s, the plane-strain induced folded sheet nano-structures were developed with 
reducing the wire diameter. When the nano-stracture of pins is developed, proximity-induced 
superconductivity comes into pins, therefore Nb pins act as repulsive ones while Ti pins act as 
attractive pins. For Nb+Ti mixed APC, the Fp was less than half of that for Nb APC. 
Furthermore the saturation of Fp was observed with further reducing pin size. The numerical 
simulations of Fp for Nb+Ti pins were in agreement with the experimental results. This 
reveals that for the Nb+Ti APC, a destructive interference between heterogenous pinning 
nano-structure takes place when the density of pinning site increases further.  
 
1. Introduction 

We have been studying magnetic flux pinning mechanisms in superconductors using 
artificial pinning center (APC) technology, applying to traditional Nb-Ti multifilamentary 
composites. Before now, we had introduced different kinds of APC materials, such as normal 
conductive Cu, Cu-Ni pins and superconducting Nb, Nb-Ta, Ta pins, into Nb-Ti filaments, 
and researched their flux pinning properties in detail [1-3]. One of the crucial discoveries is 
that heavily folded nanometer-thick Nb pins act as mighty repulsive pinning centers due to the 
strong proximity effect, and they have remarkably enhanced critical current densities Jc in 
relatively low magnetic fields under 5 T [4,5]. Furthermore, it reveals that normal conductive 
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pinning materials with high resistivity, such as Cu-Ni pins act as attractive and strong pins 
like α-Ti precipitates [6,7].  

However the detailed studies of pinning microstructures for final specimens with a high 
strain range have not been done yet, therefore the relationship between the real pinning 
structures and flux pinning properties have not been studied sufficiently. And also flux 
pinning properties for repulsive and attractive mixed pins are still unknown. 

In this paper, we observe microstructures of several kinds of APC’s using a high-resolution 
field emission scanning electron microscope (FESEM) and discuss their flux pinning 
properties concerned with observed heterogenous nano-structures of pins. 

  
2. Experimental 

Nb-Ti multifilamentary composites having Cu-Ni and Nb APC 19 pin rods with the volume 
fraction of 17 % inside Nb-47wt.%Ti filaments were fabricated by a conventional double 
stacking method. For the Nb+Ti mixed pins, 10 Ti pin and 9 Nb pin rods with four nines were 
randomly introduced into Nb-50wt.%Ti filaments with the triangular arrangement and the 
total volume fraction of 17 %. In order to avoid interfilamentary proximity coupling, Cu-Ni 
alloys were used as the matrix materials for all APC composites. The extrusion temperature 
was carefully controlled. The final wire specimens were drawn down to a proper diameter 
with a high strain range of εf ~9, where the pin size was comparable to the flux line lattice 
parameter at high magnetic fields. For comparison, conventional wires with no APC were also 
prepared. The specification of the wire specimens is shown in Table 1. It is noticed that the 
pin diameter and interval for the specimens are the nominal values. 

Microstructures of several kinds of APC’s were studied using a high-resolution field 
emission scanning electron microscope (FESEM). Magnetizations were measured by a 
SQUID magnetometer in magnetic fields up to 7 T at 4.2 K. The magnetic field dependence 
of flux pinning force density, Fp, was evaluated from the magnetization data using the critical 
state model. 

 

 
 

Fig.1 Deformation for Nb artificial pins during final drawing process. 
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3. Results and Discussion 
 
A. Nb APC 
Figure 1 shows cross sections for Nb-Ti filaments for Nb APC’s with decreasing pin size. It is 
observed that round Nb pins are heavily deformed to ribbon shapes, as in the case of α-Ti [8], 
by cold wire drawing with a final high strain. It should be noted they are so folded that the 
effective pinning sites increases rapidly. In the final wire specimens, nanometer-thick ribbons 
( less than 10 nm in thickness) with high aspect ratio are developed. 

Figure 2 shows Fp-B properties at 4.2 K for Nb APC specimens with the different nominal 
pin size dp. Fp value increases quickly at the whole field range up to 7 T and the position of 
peak Fp shifts to high-field side with reducing dp. The maximum Fp reaches 29 GN/m³ at 2 T 
for the specimen with dp of 37.7 nm, and no saturation of Fp is observed until this range of dp. 
For the specimen with dp of 46.4 nm, the maximum Fp value is about three times larger than 
that for a no-APC specimen with the same filament diameter. 

Proximity induced thin Nb pinning interaction originates from the kinetic energy[4,5]. In 
the case of thin limit for superconducting pins having different Bc and ξ from Nb-Ti matrix, 
the elementary pinning force fp is estimated using G-L theory, 
 

Where, dp is thickness of pins, Bcp and ξp are thermodynamic critical field and coherence 
length for pins. The sign of fp is usually positive, therefore superconducting pins act as 
repulsive ones. In the case of Nb pins, it is clear that the strength of the fp is larger than that of 
α-Ti layers in commercial Nb-Ti wires [4]. 

In the case that the size of pins is larger than the flux line spacing and the linear 

).(296.0)(479.0 2222

0

22

0

ξξ
ξµ

π
µ

ξ
π cpcp

P
ccp

P
sc BB

d
BB

d
fp −+−= (1) 

Table 1. Specification of of the final wire specimens for all APC composites. 

  
Wire dia. Filament dia. Pin dia. Pin interval 
D (mm) df (µm) dP (nm) ds (nm) 

Nb/Ti mixed APC 

0.675 1.36 126 256 
0.382 0.772 71.5 145 

0.203 0.410 38.0 77.1 

Nb APC 

0.560 1.09 104 211 

0.368 0.718 68.5 139 

0.203 0.395 37.7 76.5 

CuNi APC 

0.571 1.11 106 215 

0.251 0.489 46.6 94.6 

0.200 0.390 37.2 75.4  
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summation model is applicable due to the strong pinning limit, Fp is inversely proportional to 
the size of pins. The dp dependence of Fp at 2 T and 4 T for Nb APC specimens is indicated in 
Figure 3. Fp values for Nb APC specimens are almost inversely proportional to dp, according 
to the theory. 

 

 

Fig 2.  Fp-B properties at 4.2 K for Nb APC specimens with the different nominal pin size. 

 

 
Fig. 3. The nominal pin size dependence of Fp at 2 T and 4 T for Nb and Nb+Ti mixed APC 

specimens. The dotted line shows that Fp is inversely proportional to the size of pins. 
 

B. Cu-Ni APC 
Recent flux pinning studies reveal that fp is enhanced by increasing parameter θ=ξ2/ξn

2 for 
normal conductive thinner pins with strong proximity effect [6,9]. In particular, fp will be 
larger than a void pin if normalized pin thickness dn is smaller than 1.5 and θ exceeds 0.75 [6]. 
Thus normal conductive materials with high resistivity and ductility, such as Cu-Ni are 
expected to act as attractive and strong pins like α-Ti precipitates. Figure 4 shows the 
microstructures of final wires for Cu-Ni APC. A lot of Kirkendall voids are produced in 

0

5 109

1 1010

1.5 1010

2 1010

2.5 1010

3 1010

0 1 2 3 4 5 6 7
B[T]

F P
[N

/m
3 ]

F P
[N

/m
3 ]

dP = 37.7 [nm]
dP = 46.4 [nm]
dP =68.5 [nm]
dP = 84.3 [nm]
dP = 104 [nm]

dP = 37.7 [nm]
dP = 46.4 [nm]
dP =68.5 [nm]
dP = 84.3 [nm]
dP = 104 [nm]

1

10

100

10 100 1000
Pin Diameter dp [nm]

Pi
nn

in
g 

Fo
rc

e 
D

en
si

ty
 F

p
[G

N
/m

³] Nb     <2T>
Nb     <4T>
Ti/Nb <2T>
Ti/Nb <4T>

Nb     <2T>
Nb     <4T>
Ti/Nb <2T>
Ti/Nb <4T>



154 
 

internal pinning surfaces by diffusion during wire drawing processes. At final size the void 
diameters are less than 20 nm. Unlike the folded sheet pinning centers the voids tend to 
become more circular in cross-section as deformation is increased producing a novel and 
remarkable pinning array. These voids are expected to work as strong pins as well as CuNi 
pins around the voids. 

Figure 5. Fp-B properties at 4.2 K for Cu-Ni APC wires with different filament diameter. 
The Fp increases in relatively low fields with reducing pin size. However, the peak Fp does not 
shift to high fields in contrast to that for Nb APC.  

Cu-Ni and α-Ti pins indicate different pinning properties each other, in spite of having 
comparatively the same order of normal coherence length (ξn for α-Ti is estimated about 4.6 
nm). This difference results from the different morphology of pinning centers. The 
morphology of pins is a very important factor from viewpoint of the pinning efficiency. The 
degree of deformation of Cu-Ni pins with voids is much smaller than those of both Nb and 
α-Ti pins. Therefore, the effective pinning sites, such as folds and edges of pins are less than 
those for other APC’s. This is thought to be the dominant reason why the peak field of Fp 
does not shift to high fields in spite of the relatively large fp of Cu-Ni and void pins.  

 
 
 
 
 
 
 
 
 
 
Fig 4. The microstructures of Cu-Ni pins for final wires of D=0.861 mm (left) and 0.156 mm (right). 
Kirkendall voids were produced at the interface of pins by diffusion during drawing processes. Typical 
diameters of the voids were less than 20 nm and they formed with remarkable pinning array. 

 
Fig 5. Fp-B properties at 4.2 K for Cu-Ni APC wires with different filament diameter.  
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C. Nb and Ti mixed APC 
It is clear that Nb pins act as repulsive ones, making them well suited for low-field 

applications, while Ti pins act as attractive ones having maximum flux pinning strength at 5 T 
for optimized Nb-Ti wires. Therefore, if superposition principle holds on such flux pinning 
systems, Nb and Ti mixed artificial pins can be utilized for developing new APC composites 
having excellent Jc in the whole magnetic field range.  

By the way, a pronounced peak effect often occurs in RE-123 superconductors such as 
Nd-123 bulk superconductors, and it is believed that some superconducting regions with 
lower Tc, such as substituted or oxygen deficient regions, cause the peak effect [10]. Recently 
in Nd-123 superconductors, Mochida et al found that peak effect at medium fields decreased 
on addition of Nd-422 normal conductive particles [11]. Matsushita discusses that this may be 
caused by the interference between repulsive pinning by the lower Tc regions and attractive 
pinning by normal particles [12]. 

It is considered that either case of superposition or interference may take place, depending 
on the various flux pinning parameters, such as flux line lattice properties and microstructure 
of pins.  

Figure 6 shows that in the Nb+Ti pin APC’s the familiar plane-strain induced folded sheet 
nanostructure is developed like Nb pins. However, the Ti pins in the Nb+Ti APC distort more 
readily than the Nb pins resulting in maximum thickness over this strain range is 
approximately half that of the Nb (< 14 nm).  

Figure 7 shows Fp-B properties at 4.2 K for Nb+Ti mixed APC specimens. As dp is 
reduced, Fp values increase gradually at the whole magnetic fields and the peak Fp slightly 
shifts to higher field, similar to Nb APC specimens. However, the strength of Fp remains less 
than half of that for Nb APC, and the saturation of Fp is observed from the specimen with dp 
of 47.5 nm. 

As shown in Figure 3, the Fp values for the mixed APC are unconformable to the linear 
summation model with further reducing dp, and the saturation tendency of Fp is pronounced 
under dp of 56 nm. This suggests that the interference between repulsive pinning by Nb pins 
and attractive pinning by Ti pins takes place, as both pins are heavily deformed into ribbon 
shape and interaction between both pins and fluxoids stands out by drawing.  

Since the longitudinal correlation length l44 evaluated from the Fp values for the mixed 
APC specimen with dp of 47.5 nm is larger than the filament diameter of 0.513 µm, each 
fluxoid overlaps both Nb and Ti pins. When the fluxoid moves across the pins, the difference 
of the condensation energy of the fluxoid is much lower than that in the case of one kind of 
pins. This is thought to be the main reason why the saturation of Fp occurs with reducing pin 
size. 

 Figure 8 indicates the numerical simulation results for Fp for Nb and Ti mixed pins 
compared to Nb pins with the different ratio of pinning energy Up between them. It is 
observed that the degradation of Fp due to destructive interference between repulsive and 
attractive pins with the increase of the effective pins. This suggests that further increase in 
pinning sites having the same sign of fp is effective way in order to enhance Fp efficiently.   
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Fig.6.  Left photo shows a high resolution back-scattered electron image of a cross section for Nb-Ti filament 
of 20.4 µm with mixed Nb (white) and Ti (black) artificial pins. The nominal diameter of pins is 1.9 µm. Right 
photo shows a secondary electron image for Nb-Ti filaments of 0.9 µm with the nominal pin diameter of 84 nm. 
It should be noted that both pins are much folded with thin ribbon sheets less than ten nanometers in thickness 
produced by the heavy wire drawing. 

 

Fig 7.  Fp-B properties at 4.2 K for Nb and Ti mixed APC specimens with the different nominal pin size. 

 
Fig. 8.  The numerical simulation results for Fp for Nb and Ti mixed pins compared to Nb pins with the 

different ratio of pinning energy Up between them. 
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Conclusions 
Multifilamentary Nb-Ti superconducting wires with heterogenous flux pinning 

nano-structures have been fabricated using artificial pinning center (APC) technology to study 
of magnetic flux pinning in Superconductors. Pinning centers were introduced into Nb-Ti 
filaments, consisting of Cu-Ni, Nb and Nb+Ti rods with the triangular arrangement and the 
volume fraction of 17 %. In the Cu-Ni APC, Kirkendall voids were produced at the interface 
of pins by diffusion during drawing processes. Typical diameters of the voids were less than 
20 nm and they formed with remarkable pinning array. It works out high Jc at low fields. On 
the other hand, in the Nb and Nb+Ti APC’s, the plane-strain induced folded sheet 
nano-structures were developed with reducing the wire diameter. For Nb+Ti mixed APC, the 
Fp was less than half of that for Nb APC. Furthermore the saturation of Fp was observed with 
further reducing pin size. The numerical simulations of Fp for Nb+Ti pins were in agreement 
with the experimental results. This reveals that for the Nb+Ti APC, a destructive interference 
between heterogenous pinning nano-structure takes place when the density of pinning site 
increases further.  
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