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Abstract-We have fabricated rod based artificial pinning 
center (APC) composites from rods of Nb-Ti and Nb as matrix 
and pinning center respectively. Critical current densities of 
19000 "mz at 1 T, 12500 Ah" at 2 T and 3000 A/mm* at 5 
T were achieved in a conductor containing Nb 47 wt.% Ti with 
24 vol% Nb pins. Microscopy revealed a progressive 
degradation of the original hexagonal pinning centers from an 
ordered array towards a more random ribbon-type 
microstructure as the composites were drawn towards their 
peak J,. We review the impact of this deformation on the 
physical properties. 

I. INTRODUCTION 

In recent years, the maximum critical current density (JJ 
of conventionally processed Nb-Ti superconducting wires 
has not increased significantly. High J, values are attained 
through a thermo-mechanical treatment of the alloy which 
serves to develop a fine dispersion of a-Ti precipitates [l]. 
The precipitates are then refined into ribbons during 
subsequent wire drawing. Optimum flux pinning occurs 
with ribbons 1-2 nm thick separated by 3-6 nm [l], [2]. The 
highest J, (5 T, 4.2 K) obtained using the conventional 
process is -3700 A/"' for Nb 46.5 wt.% Ti [3]; further 
increases are limited by the amount of a-Ti which can be 
precipitated from the alloy. J, increases linearly with 
volume fraction of a-Ti up to at least 25% [4]; larger 
amounts cannot be attained in Nb 47 wt.% Ti. This ceiling 
on the amount of pinning center is unfortunate, for Stejic et 
al. [5] predicted further increases in J, for a microstructure 
containing 40 vol% a-Ti. Clearly, there is an incentive to 
develop new nanostructures having a higher amount of 
pinning center. 

Several methods for creating artificial dispersions of 
pinning centers in the Nb-Ti microstructure have been used. 
However, the majority of these methods require fabrication 
strains of order 30 and multiple multifilament stacks. In 
order for APC conductors to be cost effective for use in high 
field magnets, they must demonstrate substantially increased 
critical current densities over the conventional process at 
mid to high fields (5-8 T) and favorable fabrication 
properties. 

Several groups [61-[l l] have fabricated APC conductors 
using different fabrication techniques which achieve high 
critical current densities at low fields (1 -5 T); most methods 
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use Nb as the pinning material. Recently, a record 4250 
A/"* (5 T, 4.2 K) without orientational anisotropy [9] was 
attained by Matsumoto et al. for a Nb 50 wt.% Ti with a 27 
vol% Nb multilayered APC structure. However, the J, (7 T) 
for this composite reached only 60% of that obtained in 
conventionally processed material. The fall off in J, at high 
fields was attributed to a suppressed Bc2 due to proximity 
coupling of the matrix with the Nb layers. Although critical 
current densities in APC composites are increasing, even 
exceeding those for the conventional process, there currently 
exists little hard information on their microstructure- 
superconducting properties relationships. Most J, data are 
correlated to a calculated pin diameter extrapolated from 
sizes much larger than that at which peak J, is found. Both 
the size and shape for the pins may deviate substantially 
from the true microstructure. 

Many factors can influence flux pinning in APC 
composite superconductors including the pinning center 
composition, shape and fraction, as well as the optimum 
matrix composition for a given pin arrangement. Since 
making one APC composite can be very cost and labor 
intensive, it is advantageous to use a fabrication scheme 
which minimizes the overall process complexity and 
expense. An APC fabrication technique which uses rods of 
both the superconductor and the pinning center to create 
artificial pinning structures has been investigated by two 
groups [12], [13]. Using this method the pin and matrix 
compositions, as well as pin geometry, can be varied easily. 
Once the initial APC geometry is formed, the ratio of pin 
diameter to filament diameter and the number of filaments 
and their spacing can be controlled by the subsequent 
stacking methods. In addition, rod material is widely 
available and assembly is relatively simple, making it 
practical to fabricate many different pinning structures. The 
present paper describes the superconducting properties of 
such a rod-based APC conductor containing Nb 47 wt.% Ti 
with 24 vol% Nb pins. 

11. EXPERIMENTAL PROCEDURE 

The rod-based APC conductor was fabricated from 96 
rods of Nb 47 wt.% Ti and 31 rods of Nb assembled in a 
hexagonal stack, each rod measuring 1 mm in diameter and 
-8 cm long. The Nb pins were arranged in a hexagonal 
pattern within the stack with the pin diameter dp 
approximately equal to the pin spacing d,. The stack was 
encased in a 1.6 cm OD copper extrusion can and a nose 
cone, equipped with an evacuation tube, was arc-welded i n  
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Fig. 1. (a) SEM-backscattered electron micrograph of the first extrusion 
composite showing a pinning center array at d, -100 pm (b) SEM-secondary 
electron micrograph of the third extrusion composite at d, -3 pm. (c) 
FESEM-secondary electron micrograph of the fourth extrusion composite at 
d, -600 nm and (d) d, -100 nm. Note that the pinning center shape changes 
from nominally hexagonal to ribbons with an aspect ratio of -3-10: 1. 

an enclosed argon atmosphere. Following evacuation to 
<5x103 Pa, the billet was sealed, preheated to 650"C, and 
hydrostatically extruded using an area reduction ratio of 15. 
The extruded wire was drawn to 1.6 mm diameter, cut into 
127 pieces and the copper was chemically removed. The 
Nb-Ti/Nb filaments were stacked in a hexagonal array, 
recanned in Cu and extruded using identical processing 
conditions. The restacking and extrusion sequence was 
repeated a third time, the product being a monofilament 
containing 499 999 pinning centers. Following the third 
extrusion, part of the wire was drawn to 0.08 mm diameter 
and the rest was cut into seven pieces, the Cu removed and 
another monofilament stack was assembled and extruded. 
This fourth extrusion composite was also drawn to 0.08 mm 
diameter. 

Critical current measurements were made on wire 
diameters ranging from 0.3 mm to 0.08 mm, using a 10." 
Rm criterion with voltage taps spaced 22 - 33 cm apart. 
This wire diameter range corresponds to a d, range of 165 
nm to 40 nm for the three extrusion composite and 60 nm to 
15 nm for the fourth extrusion composite. Here, the pinning 
center diameter d, refers to the effective pin diameter, as 
calculated using the relationship: 

where d, is the wire diameter, N is the number of rods in the 
composite (i.e. 127, 16129,2048383, and 14338681 for the 
first through fourth extrusions respectively), and R is the 
volume ratio of copper to superconductor. Copper to 
superconductor ratios were determined using the weigh and 
etch technique and the calculated density of the Nb-Ti/Nb 
composite. The composite wires were analyzed using 
Scanning Electron Microscopy (SEM) and Field Emission 
SEM (FESEM). 

111. RESULTS 

The microstructural development of the Nb pinning 
centers as a function of drawing reduction is shown in Fig. 
1 .  Fig. l a  shows a Nb pinning center array in the first 
extrusion composite where d, -100 pm. The pinning center 
shape is nominally hexagonal with an irregular surface. At 
d, -3 pm (Fig. lb) the degree of surface irregularity has 
increased. At d, -600 nm (Fig. IC) the Nb pins are 
becoming shape unstable. By d, -100 nm (Fig. Id) the pins 
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Fig 2. J< versus d, curves as a function of magnetic field at 4.2 K for the third 
and fourth extrusion composites where dp varies from -165 nm to 15 nm. 
The three arrows indicate the cross over size, dp, between the two composites 
decreases with increasing applied field. Note that the real pin thickness is 
smaller than d,. 
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Fig 3. F, versus B curves as a function of the effective pinning center 
diameter, dp . The insert shows more detail of the high field F, curves for a 
similar composite (Nb 47 wt.% Ti with 21 vol% Nb). Filled and open 
symbols correspond to third and fourth extrusion composites respectively. 
Note the apparent depression in BcL as the pinning center size decreases from 
230 nm to 16 nm. 

have developed into ribbons, with aspect ratios ranging from 

J, versus dp is shown for applied fields from 1-7 T in Fig. 
2. The two sets of curves represent the third and fourth 
extrusion composites. The set from dp -165-40 nm is for the 
third extrusion composite, another set from d, -60-15 nm is 
for the fourth extrusion composite. The peak JL at 1 T of 
19000 A/mZ occurs at dp -50 nm; at 7 T the peak value of 
1100 A/"* occurs at dp -19 nm. Between d, -60-40 nm, 
the region where the two data sets overlap, no curve 
alignment is seen. There is not a proportional difference 
between the two sets of curves, but rather, the difference 
changes systematically with applied magnetic field. At 1-3 
T the third extrusion composite has significantly higher JL 
values than the fourth extrusion composite in  the range of 
dp-60-40 nm. However, between 3 and 5 T, a crossover 
occurs, as shown by the three vertical arrows in Fig. 2, and 
at higher fields (5-7 T) the fourth extrusion composite Jc 
values exceed those for the third extrusion composite. 

Fig. 3 shows bulk flux pinning force (Fp) versus applied 
magnetic field curves as a function of the effective pin 
diameter. The arrows indicate the directions of decreasing 
pin diameter and they intersect the peak value for each 
curve. At larger pin sizes (d, = 165 nm) the F, curve has a 
shallow slope, decreasing with applied field. As the pin size 
decreases the curve increases in  magnitude at lower fields, 
developing a 2 T peak at d, = 60 nm. A further decrease in  
pin size to 40 nm shifts the peak to 2-3 T and the maximum 
FP to 25 GN/m3. Further decreases in d, shift the peak in FP 
towards higher fields while reducing the peak magnitude. 
The inset graph in Fig. 3 shows a depression in BL2 from 
-10.5 to 9.5 T as dp changes from 230 to 16 nm for a similar 
design of APC composite (Nb 47 wt.% Ti with 21 vol% 
Nb). 

-3-lO:l. 

IV. DISCUSSION 

Changes in the shape of the pin with amount of reduction 
can be explained by the bcc metal <110> drawing texture 
which develops in Nb and Nb-Ti. [14], [15]. During 
drawing, bcc grains deform so that a <1 IO> direction is 
aligned parallel to the drawing axis. This allows for slip in 
only two of four < I  1 I >  directions. Plane strain conditions 
then prevail, deforming the grains into elongated ribbons 
which intercurl to maintain grain boundary continuity. It is 
this grain intercurling which leads to the degradation of the 
round pinning center shape. This shape change mechanism 
is also responsible for a-Ti ribbon development in  the 
conventionally processed microstructure. In the 
conventional process the P-Nb-Ti grains control the ribbon 
formation, whereas here, it is reasonable to suppose that 
both the Nb and Nb-Ti grain structures determine the Nb 
ribbon shape. This parallels the non uniform deformation of 
Nb diffusion barriers in the conventional process [16]. 
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The fact that the pins are not round at small pin sizes 
suggests that using the calculated effective pin diameter, d,,, 
to correlate the pinning structure to the superconducting 
properties will be misleading. We are currently 
investigating the quantification of the microstructure in 
more detail [17], [18]. In any case it appears that the 
effective pin thickness is always several times less than d,,. 
Thus, care must be taken in making microstructure/ 
properties relationships based on extrapolated 
microstructural dimensions. 

The critical current densities of samples from the third 
and fourth extrusion composite are not well behaved in the 
overlap region. It is curious that the high field J, was 
enhanced at the fourth extrusion but that the low field J, was 
distinctly lower than the third. An important clue to this 
behavior must lie in the microstructure which requires 
analysis by transmission electron microscopy which has not 
yet been performed. At present we suppose that non- 
negligible interdiffusion occurs at this time since d, at this 
stage is only 2 pm. Such interdiffusion should diminish the 
depth of the strongest pinning wells as seen in the low field 
data. This explanation evidently does not hold at higher 
fields, although the changes are not so large. 

The depression of B,, seen in  Fig. 3 is a consequence of 
proximity induced coupling of the Nb pins with the Nb-Ti 
matrix. At large pin sizes (d, > 230 nm) little proximity 
coupling occurs and the composite B,, is governed by the Bo 
of the matrix (-10.7-1 1 T for Nb 47 wt.% Ti). At small pin 
sizes (d, < 16 nm) the pins are significantly coupled and the 
B,, tends toward the B,, of the matrix and pin mixture (Nb 
34 wt.% Ti). This result is consistent with the results of 
others [7]-[ 1 I ] .  

V. CONCLUSIONS 

A process for assembling rods of both Nb-Ti 
superconductor and pinning center to create uniform pinning 
microstructures has been examined. This flexible technique 
has shown to be effective in producing artificial pinning 
center microstructures. A conductor containing Nb 47 wt.% 
Ti with 24 vol% Nb pins has achieved 19000 A/"* at 1 T, 
8500 A/"' at 3 T, and 3000 A/"' at 5 T. Lower high 

field J, values than conventional Nb-Ti are attributed to a 
depression in B, caused by proximity coupling of the Nb 
pins to the Nb-Ti matrix. 
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