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New Developments in ����� PIT Strand: The Effects
of Titanium and Second Phase Additions on the

Superconducting Properties
L. R. Motowidlo, J. Distin, P. J. Lee, D. C. Larbalestier, and A. K. Ghosh

Abstract—We report the effect of titanium on the transport
properties of multifilament PIT strand. In addition, the effect
of second phase yttrium additions on the microstructure and
the bulk pinning force are reported for PIT ����� mono-core
wires. High resolution SEM, EDS, magnetization, and transport
measurements were utilized to evaluate the superconducting
properties.

Index Terms—�����mono-wire, powder-in-tube, titanium, yt-
trium second phase.

I. INTRODUCTION

F OR magnet applications that require very high magnetic
fields, there is a global push to develop superconductors

with very high critical current density, , coupled with a small
effective filament diameter, , and high residual resistance
ratio (RRR), . At present, the only supercon-
ductor with the properties, availability, and price needed to
operate in such high magnetic fields is [1].

An important issue is the high strain sensitivity of
type superconductors. In the high magnetic field environment,
the critical current properties may degrade significantly. Thus,
to address these issues, improved conductor designs are needed
[2].

We present latest results on continued developments on the
Powder-In-Tube process (PIT) utilizing a novel octag-
onal architecture [3]. In this conductor design, octagonal PIT
sub-elements allow the introduction of high strength compo-
nents between the superconductor filaments in an efficient and
uniform pattern. Fabrication of this novel design approach has
been discussed in detail in an earlier publication [3]. The latest

properties of the octagonal PIT conductor design approach
is presented in this paper.
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Fig. 1. A cross-section of the 120 octagonal PIT strand at 0.75 mm diameter
after 650 � for 100 hours heat treatment. Filament diameter is 47 micron.

In addition, we present strand developments which explore
the effect of titanium doping on superconducting properties in
PIT strand and also the effect of second phase yttrium additions
to the microstructure in monofilament wire.

II. HEAT TREATMENT, , AND PROPERTIES

Heat treatment optimization studies have been performed on
the PIT octagonal conductor design shown in Fig. 1. Samples
were heat treated from 625 to 700 . The optimum reaction
temperature for this design was found to be 650 for 100 hours
to 200 hours for a 0.75 mm strand size. Increasing the time from
100 hours to 200 hours resulted in increasing the self field cor-
rected Kramer field, , from 24.81 T to 25.22 T. However, the
non-Cu decreased from 2458 to 2430 at 12
T. Further time increases to as long as 400 hours reduced the
to 2372 and is presumably due to grain growth. A plot
of transport non-Cu versus the applied magnetic field to 12
T is shown in Fig. 2 for the optimum heat treatment of 650
for 100 hours.

III. THE EFFECT OF TITANIUM ON

Over the last several years, the PIT process has become a vi-
able approach for fabricating wires. The new PIT design
of the conductor discussed above show promising performance
characteristics for large scale magnet applications and has the
potential for use in commercial magnets. In comparison to other
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Fig. 2. The non-Cu � for the 120 octagonal PIT strand at 0.75 mm diameter
after 650 � for 100 hours heat treatment.

fabrication methods, the PIT process offers an efficient
non-Cu package with no wasted copper [4] which has the po-
tential for significant performance improvements [5]. Moreover,
the PIT approach provides a flexible method of introducing ad-
ditions via the core. For example, titanium may be introduced
via the powder core to provide a source for the formation of the

superconductor. This is an advantage over other
competing processes since off the shelf Nb1–2at% Ti
alloy is not commercially available due to the inherent work
hardening issues and wire breakage during processing [6].

In general, small amounts of 1–2at% Ti have shown improve-
ment in the similar to that for Ta doping. In addition,
characteristics were better in the high field regime above 12
T [7]. State-of-the-art PIT have only been successfully
fabricated with either Nb or Nb7.5wt%Ta tubes.

Earlier attempts of incorporating Ti into the A15 microstruc-
ture via the core have not been successful [8]. In this paper,
we present the results of the first successful introduction of Ti
into the A15 microstructure via a proprietary method. In Fig. 3,
we show a high resolution micrograph of the fined grained A15
layer in a single filament of a 91 sub-element design. EDS anal-
ysis of a region depicted by the rectangle is shown in Fig. 3. The
preliminary EDS analysis, in the A15 fine grained region sug-
gest, a Ti level of about 1 to 2 atomic percent.

In order to evaluate the effect of the Ti on the properties in the
PIT process, transport measurements were performed on strand
with the Ti addition and compared to PIT strand with that of tan-
talum addition. Both were heat treated at 700 for 100 hours.
The A15 layer was measured utilizing a digital planimeter. The
results were reduced in terms of the layer in order to have
a fair comparison of the properties, since the PIT strand design
with titanium addition was not optimized for non-Cu . In Fig.
4, Kramer plots for strand with Ti are compared to strand with Ta
addition. The blue and green squares represent the
results with one sample measured on a Ti-Al-V barrel (blue di-
amond symbols) and the other on a Cu-Be type barrel (green
square symbols). Also, the sample with the blue symbols was
heat treated at 700 while the sample with the green symbol
was heat treated at 725 . Both data show comparable Kramer
slope. The results with the sample measured on the Cu-Be barrel
showed lower performance characteristics, and this may be due

Fig. 3. High resolution micrograph of ������� �� A15 layer after 700 	
heat treatment.

Fig. 4. Kramer plots for ������� �� and �����
� �� PIT wires.

to the higher heat treat temperature (725 ) for strand on the
Be holder. Moreover, the Cu-Be holder likely puts the sample
in greater compression compared to the titanium holder con-
tributing to the lower .

The results for the strands are represented in
Fig. 4 by the gray triangle symbols. In this case, the sample
was mounted on a Ti barrel and heat treated at 700 for 100
hours. The Kramer slope with increasing magnetic field of this
sample is steeper than the Ti doped samples. The Kramer field,

, for each design was determined with no correction for self
field. In the case of the sample, the Kramer field
was slightly less than 25 T. On the other hand, the
samples had a Kramer field exceeding 26 T. These results un-
derscore the effect of the titanium addition in PIT type
strand.

IV. THE EFECT OF Y ON THE SUPERCONDUCTING PROPERTIES

OF PIT MONO-FILAMENT WIRES

It was pointed out by Cooley [9] that a global reduction of
0.3% in tin content produces a reduction by 18% of the value
of the pinning force, (12 T, 4.2 K). Thus, optimizing the
composition of the reacted layer to 25at% Sn can, in
principle, yield an increase in on the order of 40%–50% over
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Fig. 5. High resolution micrographs of ������������	
 �� after 850 
heat treatment. The inset compares the grain morphology of the ��������
 ��
control sample.

current state-of-the-art PIT conductors. Heat treating at
higher temperatures and longer times increases the average tin
content closer to stochiometry and reduces and
gradients in the A15 layer. However, heat treatments at high
temperatures invariably resulted in reduction due to grain
growth [10]. If the average grain size can be maintained below
150 nm and the tin content at 25% uniformly across the layer,
then an additional gain in is expected.

In a previous paper, the addition of Gd and Y on the super-
conducting properties of mono-core wires was presented
for the first time [11]. Preliminary results suggested possible im-
provements in suppressing grain growth at elevated heat treat-
ments. In this paper, additional results are presented on PIT
mono-wires fabricated with the addition of Y to the A15 mi-
crostructure. The fabrication of these mono-wires is described
in the earlier publication [11].

A. The A15 Microstructure After 850 Heat Treatment

As an example, high resolution SEM cross-section of the
mono-wire with Y is shown in Fig. 5 after heat treatment at
850 . The respective micrographs were positioned side-by-
side to compare grain size. A discernable difference in grain size
is observed. The large A15 grain region is clearly more prevalent
in the control sample without yttrium doping. This is compared
to the fine grain A15 region with the Y doped sample. The es-
timated grain size for the Y doped sample is 500 nm to 1000
nm. For the un-doped sample, the grains are 1 to 5 .
This result suggests that the addition of 0.75 atomic percent yt-
trium may retard the A15 grain growth at higher temperatures
of 750 and 850 .

V. THE BULK PINNING FORCE

The bulk pinning force was evaluated from magnetization
measurements at 9 K and 4.2 K in applied magnetic fields to
12 T. Below, we present results after 750 and 850 heat
treatment.

The superconducting area of each magnetization sample was
measured by a digital planimeter. From the measurements, the
effective inner and outer diameters, and respectively, of

Fig. 6. The bulk pinning force versus the applied magnetic field for
������
 �� and ������� ����	
 �� at 9 K after 850  heat treat.

Fig. 7. The bulk pinning force versus the applied magnetic field for
������
 �� and ������� ����	
 �� at 4.2 K after 750  heat treat.

the A15 layer were determined. From the effective filament di-
ameters and the width of the magnetization loop , the bulk
pinning force for the A-15 layer was calculated by the fol-
lowing relations [8]:

(1)

where in the present case represents one filament, is the
sample length, and is the layer critical current density.

In Fig. 6, we compare the bulk pinning force curves
with applied magnetic field for and

samples at 9 K. In Fig. 7, a similar
comparison is presented for the samples measured at 4.2 K
after a reaction of 750 /96 hrs.

For the Y-doped samples, an increase in the pinning force
characteristics is observed at 9 K and 4.2 K. The maximum bulk
pinning force for the doped sample is
about 55 at 4.2 K. This is compared to
of about 40 determined by Fischer [10] after a 750
heat treatment on PIT wire.
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The smaller grain size in the yttrium doped sample may be
partially responsible for the improvement in . In addition,
the presence of the yttrium second phase particles themselves
may be playing an important role in the pinning. Yttrium second
phase discrete particles may be located inside the grains as well
as in the grain boundaries, as observed in the starting ingots and
described in the earlier paper [11].

VI. SUMMARY

wires utilizing a novel octagonal PIT design show
promising characteristics in a high strength conductor con-
figuration. Moreover, for the first time, the possibility of intro-
ducing titanium into the A15 matrix via the powder core has
been successfully demonstrated. Preliminary results of titanium
doping suggest that further improvements in the high field prop-
erties for PIT conductors are possible.

PIT mono-wires were fabricated with additions of
second phase yttrium. These mono-wires were heat treated at
750 and 850 . In general, high resolution SEM showed
smaller A15 grains in the doped mono-wires as
compared to un-doped samples. The difference in grain size
increased as the heat treatment temperature increased from
750 to 850 , indicating the grain boundary pinning effects
of the second phase yttrium. Moreover, the large A15 grains
typically found between the PIT core and the inner diameter of
reacted layers were fewer and smaller in size in doped
samples as compared to the control samples, heat treated under
similar conditions.

Magnetization measurements performed at 9 K and 4.2 K
showed improvements in characteristics for yttrium doped
samples. The increases in may be due to a combination of
flux pinning by grain boundaries and second phase particles.
The results presented in this paper suggest a promising approach
of incorporating non-alloying second phase yttrium within the

A-15 layer that may reduce grain growth and hence improve the
superconducting properties of PIT wires.
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