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Abstract

Detailed measurements are provided of the engineering critical current density (J;) and the
index of transition (n-value) of two different types of advanced ITER Nb3Sn superconducting
strand for fusion applications. The samples consist of one internal-tin strand (OST) and two
bronze-route strands (BEAS I and BEAS II—reacted using different heat treatments). Tests on
different sections of these wires show that prior to applying strain, J; is homogeneous to better
than 2% along the length of each strand. J. data have been characterized as a function of
magnetic field (B < 14.5 T), temperature (4.2 K < T < 12 K) and applied axial strain

(—1% < ep < 0.8%). Strain-cycling tests demonstrate that the variable strain J. data are
reversible to better than 2% when the applied axial strain is in the range of

—1% < ep < 0.5%. The wires are damaged when the intrinsic strain (gy) is & > 0.55% and
&1 > 0.23% for the OST and BEAS strands, respectively. The strain dependences of the
normalized J for each type of strand are similar to those of prototype strands of similar design
measured in 2005 and 2008 to about 2% which makes them candidate strands for a
round-robin interlaboratory comparison.

The J. data are described by Durham, ITER and Josephson-junction parameterizations to
an accuracy of about 4%. For all of these scaling laws, the percentage difference between the
data and the parameterization is larger when J. is small, caused by high B, T or |g1|. The
n-values can be described by a modified power law of the form n = 1 + rI, where r and s are
approximately constant and /. is the critical current.

It has long been known that pivot-points (or cross-overs) in J; occur at high magnetic field
and temperature. Changing the magnetic field or temperature from one side of the pivot-point
to the other changes the highest J. sample to the lowest J. sample and vice versa. The
pivot-point follows the B-T phase boundary associated with the upper critical field and is
usually attributed to the different tin content profiles and pinning properties of internal-tin and
bronze-route strands. We report that the strain dependence of the pivot-point in these strands is
quite different from that of the upper critical field and suggest that its origin in optimized high
tin content strands is the proximity of the tetragonal NbzSn phase, which has low
superconducting critical parameters.

(Some figures may appear in colour only in the online journal)

1. Introduction 12 T [2]. In addition, large international scientific projects,

such as the International Thermonuclear Experimental
The discovery of superconductivity in Nb3Sn almost 60 years Reactor (ITER) [3-6], the 1 GHz NMR project [7, 8], and
ago [1] opened a new horizon for applied superconductivity. the Next European Dipole program [8, 9], help drive the
Currently, Nb3Sn superconducting strands are used in almost ~ continuous development of better Nb3Sn strands for high-field
all high-field superconducting magnets operating above applications. In particular, the 15 billion-euro ITER project
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Figure 1. SEM images of the cross-section of unreacted copper-plated (LHS) OST internal-tin and (RHS) BEAS bronze-route NbzSn

strands.

Table 1. Technical specifications for ITER TF Nb3Sn strands [10].

Parameters Requirements
Strand diameter 0.820 £ 0.005 mm
Strand twist pitch 15+ 2 mm

Cr or Ni-plating thickness 24+0—1pum
Strand piece length >1000 m

Cu/non-Cu volume ratio 1.0+ 0.1

Critical current: 12 T @ >190 A

4.22 K, 10 £V m~! criterion (qualification phase)
n-value at 12 T and 4.22 K >20

RRR after heat treatment >100

Overall strand hysteresis <500 mJ cm™—3

losses: £3 T cycle

will require about 80000 km of advanced Nb3Sn strands
to build 18 toroidal-field magnets for the fusion reactor
tokamak. In order to meet the demanding requirements (both
technical and economic) for the toroidal-field (TF) magnets,
intensive research has resulted in two types of Nb3Sn strands
(bronze-route and internal-tin) being used by ITER. The
technical specifications for the ITER TF Nb3Sn strands are
listed in table 1 [10].

It is well known that high critical current density, low
losses and good strain tolerance are important parameters
in magnet design. Strain is important because of the large
unavoidable stresses/strains on the conductors in magnets
during their cool down and operation, and the strain
dependence of the superconducting properties [4—6, 11-13].
For the large ITER TF magnets, the compressive strain on
NbsSn strands at operating conditions may be as high as
—0.8% [14]. Therefore, the properties of each type of NbzSn
strand under strain need to be known before they are used.

In this paper we present extensive characterizations of
two different types of advanced Nb3zSn strands, which are to
be used for ITER TF magnet construction. Three strands were
measured—one strand was an internal-tin type strand (OST)
and the other two were both bronze-route strands (BEAS I
and BEAS II), which were from the same billet but received
different heat treatments. Comprehensive measurements of
the engineering critical current density (J.) of each strand

Table 2. The different Nb3zSn wire types studied in this work.

Sample ID OST BEAS 1 BEAS 11
Process Internal-tin Bronze-route Bronze-route
Manufacturer OST Bruker EAS Bruker EAS

have been performed over a wide range of magnetic field
(1 T<B<145 T), temperature (4.2 K < T < 12 K),
and applied strain (—1.1% < ep < ~0.5%). J. data are
parameterized by the Durham scaling law [15, 16], the ITER
scaling law [16] and a Josephson-Junction model [17, 18].
We discuss the merits and drawbacks of each. Comparison
of these strands shows a clear crossover in J., denoted in
this paper as a pivot-point. Crossing from one side of the
pivot-point to the other using magnetic field, temperature
or strain, changes the highest J. sample to the lowest J;
sample and vice versa. This paper includes a description of
the functional form of the pivot-point which we suggest arises
from the different tin content of these strands.

The contents of this paper are arranged as follows.
The description of sample specifications and preparation,
experimental apparatus and techniques, will be presented in
section 2. Section 3 contains the experimental results and
data analysis for each sample. The significance of the results
and the errors in measurements will also be discussed in this
section. Finally, the important conclusions are discussed and
summarized.

2. Experimental details
2.1. Sample specifications and heat treatment

The SEM images are shown in figure 1 and the two
different types of strands shown in table 2. The strands were
heat-treated in an argon atmosphere on oxidized stainless-
steel mandrels in a three-zone furnace, with an additional
thermocouple positioned next to the sample in order to
monitor and control the temperature. The heat-treatment
schedules for the different strands are described in table 3.
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Table 3. Heat-treatment schedules for the advanced internal-tin strand (OST) and the two bronze-route strands (BEAS I and BEAS II).

OST and BEAS II strands

BEAS I strand

Ramp at 5°C h™! to 210°C and hold for 50 h
Ramp at 5°C h™! to 340 °C and hold for 25 h
Ramp at 5°C h™! to 450 °C and hold for 25 h
Ramp at 5°C h™! to 575 °C and hold for 100 h
Ramp at 5°C h~! to 650 °C and hold for 100 h
Ramp at 5°C h™! to 500 °C cooled to room
temperature inside the furnace

Ramp at 5°C h™! to 595 °C and hold for 160 h
Ramp at 5°C h™! to 620 °C and hold for 320 h
Ramp at 5°C h~! to 500°C

Cooled to room temperature inside the furnace

After reaction, the strands were etched in hydrochloric acid
to remove the chromium coating on the strand surface. The
strands were then transferred to rectangular copper—beryllium
helical springs [19, 20], to which they were attached by
copper-plating and soldering.

2.2. Apparatus and techniques

After each strand was soldered to the spring, it was mounted
onto our purpose-built strain probe [21]. To apply strain, the
spring is twisted via concentric shafts attached to the spring:
the inner shaft connects a worm-wheel system at the top of
the probe to the top of the spring, and the outer shaft is
connected to the bottom of the spring via an outer can. The
strain is applied by fixing the angular separation between the
top and the bottom of the spring with reference to an angle
versus strain calibration, completed for each spring prior to
cryogenic measurements. The applied strain values quoted
characterize the average applied strain (¢5) in the middle of
the strand. They include a correction factor of ~9% obtained
from finite-element analysis to account for the finite diameter
of the strand [20].

We have checked the accuracy of the -calculated
correction factor associated with the diameter of the wire by
measuring the change in the angle versus strain calibration
factor after soldering a copper strip onto the spring. The
strip had a thickness of 0.55 mm (similar to the radius of a
typical strand). Figure 2 shows the calibration of the spring,
first measured using strain gauges on the surface of the
spring and secondly on the surface of the strip. Excellent
agreement was found between the FEA correction (including
the finite thickness of the strain gauges: 0.045 mm), which
was calculated to be 12.1%, compared to the experimental
data, which gave 11.9%.

Jc measurements were carried out in applied magnetic
fields up to 14.5 T. For measurements at 4.2 K, samples
were in direct contact with liquid helium. For variable-
temperature measurements above 4.2 K, the probe provided
a vacuum chamber around the sample and the temperature
was kept constant during the measurement using three
sets of independently controlled Cernox thermometers and
constantan wire heaters distributed to produce a uniform
temperature profile along the turns of the spring. The
uncertainty in the temperature of the wire was ~20 mK.
At fixed specified values of magnetic field, temperature and
strain, the voltage (V) across each of six sections of the

0.15 T T T T T T T T T T
010 _ Spring surface = 0.0142 %/degree (+ 2 %) _
' Cu strip surface =0.0159 %/degree (= 3 %)

0.05 | Calibration factor increased by 12 % i
< o000} -
£ I
T -0.05 e
5 L
g -0.10 E
© L
2 15t i
< -

-0.20 | . X
= Average strain (spring surface)
025 L O Average strain (Cu strip surface) |
" 1 " 1 " 1 " 1 " 1 "
-20 -15 -10 -5 0 5 10
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Figure 2. Average strain on the spring and copper strip surface
versus the twisted angle of the spring. The outer surface of the
copper strip was 0.5 mm above the spring surface. The calibration
factor on the spring surface and the copper strip surface was
measured to be 0.0142% and 0.0159%, respectively. Lines are best
fits to the data.

strand (typical length of each section is ~20 mm) was
measured using a nanovolt amplifier and a digital voltmeter
as a function of a slowly increasing current (/) through it.
The V-I measurements were first made at 4.2 K in an applied
strain cycle from zero to —1.1% (compression) then to ~0.4%
(OST) or ~0.5% (BEAS I and BEAS II) and back to zero
afterwards. The probe was then warmed to room temperature.
After fitting the variable-temperature enclosure on the probe,
the probe was cooled back to 4.2 K. More V-I measurements
were conducted at different temperatures and magnetic fields
using the same applied strain cycle as at 4.2 K and then we
applied increasingly large tensile strains until the samples
were damaged.

3. Results and discussions
3.1. Reversibility and consistence of data

Figure 3 shows typical data for the electric field and current
density (E-J) characteristics of the samples. Throughout
this paper, we quote an engineering critical current density
Je which is defined as the critical current (I;) divided by
the entire cross-sectional area of the strand. The electric
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Figure 3. Log-log plot of electric field as a function of engineering
current density (and voltage versus current) for the OST strand at
4.2 K, with e = —0.30% in magnetic fields between 12 and 14.5 T
in increments of 0.5 T.

field criterion used for J. is 10 wV m~! and the index
of transition or n-value is calculated using the power-law
expression E o< J* with E in the range 10-100 'V m~!. The
variation of J; between the 6 pairs of voltage taps before any
strain was applied is <2%. Measurements were conducted
in strain cycles so we could monitor the reversibility of our
data throughout the whole experiment. We have found that
independent of electric field criterion used, the J. data are
reversible (<2%) when the applied strain is in the range
~—1.1% < ep < ~0.4% for the OST strand and ~—1.1% <
ea < ~0.5% for the BEAS I and BEAS 1I strands. These
results are consistent with there being no damage to the
strand filaments nor any large irreversible effects due to plastic
deformation of the wires [22] in any of the samples during the
measurements of J. (cf figures 4 and 5) used to parameterize
these strands.

3.2. Strong compression, plasticity and strain oscillations

When all parts of the spring are elastic, we have reported
that oscillations along the surface of the spring can occur that
remain small and broadly consistent with FEA modeling of
elastic materials [20]. We have extended these measurements
to the strongly plastic regime using multiple strain gauges
along the surface of Walters springs made of Cu-Be and
Ti-alloy with both rectangular and T-piece cross-sections.
The ratio of the strain at the inner and outer surface of our
springs is typically ~—1.5 for rectangular springs and ~—2.2
for T-piece springs. In the plastic regime, the oscillations
can become very large when parts of the springs are at
high strains—for example we have found that when the
compressive strain on the outer surface of a Ti-alloy T-piece
spring has an average value of —2% (note that the nominal
average strain on the inner surface is very large (i.e. +4.4%)),
the strain along the outer surface varies from —1.5% to

OST Strand
¢ r I I ' 8i ' oﬂil T |= "o T
Sal 5.=-1.03% § 0.91y -0.60§|| -0.42 §o.18§ 0.0%

Eg : @ ]
CANPPRN | o ]~ 1
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o ]
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Figure 4. V-I characteristics of the OST strand at 4.2 K (a) and
10 K ((b) and (c)) when the applied strain (¢5) was increasing in
compression (up) and decreasing in compression (down).

—2.5% [23]. Our experience with many different strands has
been that the equivalent oscillations seen in J. are much
smaller than those measured by strain gauges on the surface
of the springs. In the data presented here, variations of J;
between five of the six taps, due to variations of the local
strain along the Cu—Be springs on which samples were
attached [20] is very small—equivalent to an effective overall
variation in strain of just two parts in a hundred of the strain
applied. There are a number of approaches to eliminating
uncertainties about the strain on the wire caused by these
oscillations (as they become larger) including calibrating with
strain gauges/measuring with voltage taps that extend over a
complete turn or calibrating/measuring at the zero points in
the oscillations [24]. In Durham, because we measure many
voltage taps to check uniformity of J. along the wire before
we start applying strain, we make sure to include several
voltage taps that measure a number of short lengths along the
central turns. Our approach to minimizing errors associated
with these strain oscillations is to chose to characterize in
detail a voltage tap that has an average value of J; for a turn
in the middle of the spring and has low noise.
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Figure 5. V-I characteristics of the BEAS I and BEAS II strand at 4.2 K ((a) and (d)) and 10 K ((b), (c), (e) and (f)) when the applied strain
(ea) was increasing in compression (up) and decreasing in compression (down).

3.3. Tensile strain and damage

In these types of measurements where a great deal of resource
is invested in sample preparation, we try to minimize the
risk of damaging the sample with tensile strain early in the
experiment. During the 4.2 K measurements, the strain range
is limited to that important for the ITER tokomak but which
also captures the strain at which J; reaches its peak value.
At 4.2 K we measured up to tensile strains that reduced
Je by 5-10% from its peak value. Measurements at higher
temperatures extended over the same strain range reduced J
by ~25% of its peak value.

We note that for samples BEAS I and II, one pair
of voltage taps behaved unlike the other five in tension.
These anomalous data were reversible (<2%) suggesting
there was no damage. For both samples, J. obtained from the
anomalous tap deviates from the mean value obtained from
all taps by ~14% at the highest applied strain (o ~ 0.5%)
in the reversible regime. We could see no obvious physical
explanation for the anomalous behavior. Eventually tensile
strains were applied until the strands were damaged. We
estimated that the damage occurred in the OST and BEAS
II strands when the applied strains were ~0.8% and ~0.6%,
respectively. These values are equivalent to intrinsic strain
values of 0.55% and 0.23%, respectively, since the values of
strain at which J. reached peak values were 0.25% and 0.37%
(cf equation (3) and table 4 discussed below). As expected,
after the strand starts breaking, J. drops in the broken regions,
but in undamaged regions J. increases as the tensile strain

is released. Sometimes the broken regions are distributed,
consistent with the data in figures 6(a) and (b) and sometimes
damage appears to be more localized (cf figures 6(c)
and (d)).

3.4. Critical current density and parameterization

J data of each sample at various magnetic fields, temperatures
and applied strains are displayed in figures 7-9 along with the
calculated best fit. The well-known inverted quasi-parabolic
behavior of J. as a function of strain is observed in all
samples. The important role of strain can be seen from noting
that at 4.2 K and 12 T J; of the OST strand has dropped by
more than 50% when the applied strain is changed from 0%
to —0.4%. J. of the OST internal-tin strand is the highest
among all the samples in the low strain region, but also has
the highest sensitivity to strain. Hence J; of the OST strand
decreases sharply as the magnitude of the strain rises. As a
result, eventually the OST strand has the lowest J in the high
compressive strain region.

In order to analyze the results, we parameterized J. using
the Durham scaling law [15], the ITER scaling law [16] and
a Josephson-Junction model [17]. The Durham scaling law
involves 13 fitting parameters but in general that is reduced
to nine free parameters without much loss of accuracy [15].
Durham scaling is defined using equations (1)—(5):

Je(B, T, 1) = A(eD[TY (e1) (1 — 1))

X [B% (T, en]" > b7~ (1 — b)? (1)
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V—I characteristics of the six voltage taps of the OST/BEAS II strand before ((a) and (c)) and after ((b) and (d)) the strand was

Table 4. Durham scaling law parameters for (a) OST (advanced internal-tin) strand, (b) BEAS I (bronze-route) strand and (c) BEAS II
(bronze-route) strand. Note that n, v, w and u are fixed constants. There are nine free fitting parameters.

(a) OST strand (internal-tin); RMS = 2.8 A
p q n v w u em (%)
0.963 2.310 2.500 1.500 2.200 0 0.254
A0) (Am2 T3-" K~2) T*(0) (K)  B,(0,0) (T) e e s
4.283 x 107 16.73 30.76 —-0.753 —-0.606  —0.160
(b) BEAS I strand (bronze-route); RMS = 3.2 A
p q n v w u em (%)
1.056 2.099 2.500 1.500 2.200 0 0.382
A(0) (Am2 T3 " K?) TX(0) (K)  B%(0,0) (T) o 3 cs
3.317 x 107 16.60 29.80 —0487 —-0.263 —0.0420
(c) BEAS II strand (bronze-route); RMS = 2.4 A
p q n v w u em (%)
0.490 1.420 2.500 1.500 2.200 0 0.369
A0) (Am2T3"K2) TX(0) (K)  B%(0,0) (T) o a ca
1.434 x 107 16.36 28.75 —-0.435 —-0.219 —0.0325
Bz‘Q(T, &) = B’C"2 0,en(1 —1) (2) where J; is the engineering critical current density, €4 is the
applied strain, & is the intrinsic strain, ) is the applied strain
Aen)\ V/* B0, e1) I/w T*(ey) at the peak, 77 is the effective critical temperature, B, is the
( A(0) ) = ( B* (0, 0) ) =T ©) () effective upper critical field, b = B/BY, is the reduced field
2\ c %
and t = T/T7 is the reduced temperature. Four parameters
3:2(0, 1) ) 3 4 are fixed constants: n = 2.5, v=15 w=22and u =0,
B(0.0) L+ coef + e3¢ + cuey (4)  where the last constraint removes the effect of any strain
e dependence from A(er). The values of the nine free parameters
&1 = EA — EM, (5)  obtained for each sample are listed in table 4. BZ‘Z (0,0) and
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Figure 7. Engineering critical current density versus applied strain
(and critical current versus applied strain) for the OST strand in
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at 8 K, (c¢) from 7.5 to 14.5 T at 10 K and (d) from 6.5 to 12 T at

12 K. The increment of the magnetic fields is 0.5 T. The solid lines
were obtained by fitting the nine free-parameter Durham scaling law
(table 4). The dashed lines are obtained from the ITER scaling

law [16] (parameters in table 5).

T (0) for these strands are found to be 29-31 T and ~16.5 K,
respectively. These are acceptable values for the upper critical
field and transition temperature for Nb3Sn strands.
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Figure 8. Engineering critical current density (and critical current)
of BEAS I strand as a function of applied strain at (a) 4.2 K in
magnetic fields from 8 to 14.5 T and at (b) 10 K in fields from 7.5 to
14.5 T in increments of 0.5 T. The solid lines were obtained by
fitting the Durham scaling law [15] using the nine free parameters
listed in table 4. The dashed lines were obtained from the ITER
scaling law [16] (table 5).

We have also parameterized the three data sets with the
ITER scaling law [16] using:

Je(B, T, &) = gs(el)a — (1 = AP (1 - b)Y, (6)
where
s(en =1

Cal (\/th + 88,6, — \/(81 — &)+ 85#) — Cper
1 — Ca1€0,q

+ @)
is a specified function of strain. The parameters Cy1 and Cy)
are the second and third invariant axial strain coefficients,
respectively. €9, is the remaining strain component. &g, =

Ca280.a/+/ Cgl — Ciz is a shift due to the difference between
the deviatoric and axial strain. The critical temperature and
the upper critical field are written as T.(¢) = T.(0) [s(e)]'/3
and B (T, €) = Ba(0,0)s(e)(1 — 152), respectively. The
associated nine free fitting parameters for ITER scaling are
provided in table 5.

Finally we have parameterized the data using a
Josephson-Junction (J-J) model [17] in which the polycrys-
talline material consists of superconducting grains separated
by normal-metal barriers representing the grain bound-
aries [17, 25]. This model describes J. using:
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Figure 9. Engineering critical current density versus applied strain
(and critical current versus applied strain) for the BEAS II strand in
magnetic fields (a) from 8 to 14.5 T at 4.2 K, (b) from 8 to 14.5 T at
8K, (c)7.5t0 14.5 T at 10K, and (d) from 6.5 to 11 T at 12 K. The
solid lines were obtained from the Durham scaling law [15] using
the nine free parameters listed in table 4. The dashed lines were
obtained from the ITER scaling law [16] (table 5). The dotted lines
were obtained from the Josephson-Junction model [17] using the
nine free parameters listed in table 6.

B

‘B—) ®)

Je(B, T, ep) =a(T, e)exp (—%) (1

Table 5. ITER scaling law parameters for (a) OST (advanced
internal-tin) strand, (b) BEAS I (bronze-route) strand and (c) BEAS
II (bronze-route) strand. There are nine free fitting parameters.

(a) OST strand (internal-tin); RMS = 3.3 A

P q CATm™?)  Cy Ca
0.746 2.335 5.421 x 1010 79.94 45.04
£0,a (%) em (%)  B%,(0,0) (T) T (0) (K)

0.207 —0.284 32.59 16.26

(b) BEAS I strand (bronze-route); RMS = 3.8 A

p q CATm™?)  Cy Co
0.525 1.547 2.357 x 1010 404.87 386.71
£0,a (%) em (%)  BL(0,00(T)  T7(0) (K)

0.139 —0.422 29.88 16.06

(c) BEAS 1II Strand (Bronze-route); RMS = 2.5 A

p q CATm™?)  Cy Ca
0.489 1.618 2.227 x 1010 226.93 203.86
£0,a (%) em (%)  BL(0,00(T)  T7(0) (K)

0.187 —0.366 30.28 16.02

where § characterizes the suppression of the Ginzburg-Landau
order parameter by the magnetic field across the normal-metal

barriers (grain boundaries), « (7, ) % x i—% and « is
the Ginzburg-Landau parameter. In order to reduce the
number of free parameters in equation (8), we make the
assumption that 8 = Schz, where s is a constant, and use the
well-known temperature dependence for « in low temperature
superconductors so that equation (8) becomes:

2 2.2 s°B

c2
(%)
x(1——1],
Bc2

where D and m are constants and the relationships between
T.(e), Boo(T, €) and strain are defined by equations (2)—(5).
The total number of free fitting parameters in the J-J model
is nine, which is the same for both Durham and ITER
scaling laws. They are given in table 6. Figure 9 shows
the parameterization of J. for the BEAS II strand by using
the J-J model showing reasonable agreement with the data.
In figure 10 we have plotted log;o(J./(1 — B/Bc2)) versus
B at low compressive strains (e > —1%) confirming the
straight lines expected from equation (9). Although the fits
are quite reasonable, they are not yet sufficiently good to help
the research community with grain boundary engineering in
Nb3Sn which is part of the aim of this J-J approach.

All three scaling laws include a parameter to characterize
the peak in J. at zero intrinsic strain. The uncertainty in the
value of the zero intrinsic strain value is reduced significantly
by including the data at high temperatures where the strain
dependence of J. is strongly peaked. We conclude that
experimentally ey does not depend on B or T and can be
determined to an accuracy of ~0.015% strain. All scaling laws
are least accurate in a similar part of phase space where the
magnetic field, temperature and strain combine to approach

€))
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Table 6. Josephson-Junction model parameters for the BEAS II (bronze-route) strand. Both v and w are kept fixed in the fitting procedure.

There are nine free fitting parameters.

BEAS II strand (bronze-route); RMS = 2.9 A

C Cc3 Cq4 v w EM (%)
—0.432 —0.237 —0.044 1500 2200 0.357
DAm2T™"K™?) T.(0) (K) Bx(0,0)(T) s m
2.51 x 107 16.53 27.94 1411  1.661

T T T T T T T T T T T T T T T
9.0 Josephson Junction Model ~|
8.9 |
L & (%)
gglL » m +0.059
S O +0.36
r -0.55
8.7 - v -0.67
L -0.80
86 |- Q 4 -0.92
| o 2 » -1.05
o -1.16
. 8.5 —(a) * -1.29
=) L > o 142
Q g4 | T=42K Q -1.47
Q | BEAS Il strand ©
1
- 83 4ttt
N L
% 850 |
=) L
(]
— 845f
8.40 -
8.35 i & (%)
I m 042
O 055
8.30 | (b) -0.66
+ v -0.79
8.25 |- -0.91
| T=8K <4 -1.02
8.20 |- BEAS Il strand > l'“e
1 1 1 1 1 1 1 1

8 9 10 11 12 13 14 15
Field (T)

Figure 10. Log,,(J./(1 — B/Bc2)) versus magnetic field at
different intrinsic strains and at (a) 4.2 K and (b) 8 K for the BEAS
II strand. B, are calculated values obtained by using the
Josephson-Junction model. Lines are best fits to the data.

the superconducting—normal phase boundary. For example,
at 4.2 K and at g1 = —1.05%, the calculated values of J.
start to deviate significantly from the measured values for
B > 12 T for all three parameterizations. The deviation starts
at a lower magnetic field as ey drops further. The phase
space near the phase boundary is the least important for
high-field applications and therefore usually does not garner
much interest. Finally we note that the ITER parameterization
generally overestimates the value of e\ and the Durham
scaling law gives the smallest RMS values, as shown by
comparing tables 4-6.

3.5. Strain dependence of the pivot-point

Figures 11(a)—(c) shows J; as a function of intrinsic strain
at 4.2 K at different magnetic fields for all three samples.

Crossover behavior of J. is clearly observed with a single
pivot-point where J. of all strands coincides. Although
internal-tin strands have both higher tin content in the Nb3Sn
fraction [26, 27] and higher fractional cross-sectional area of
Nb3Sn in the composite [26, 27] leading to higher J. than
found in bronze-route strands at small strains, the higher
tin content of the internal-tin strands brings with it higher
strain sensitivity. Figure 11(d) shows the pivot-point on a
constant strain plot where J,. is plotted against magnetic field.
Similar results can also be found in other bronze-route strands
in literature [28]. Uncertainties in ey do not significantly
affect the functional form derived for the pivot-point. As
shown in figure 12(a), the pivot-point moves to smaller
values as either the magnetic field or temperature increases.
Figure 12(b) shows that the temperature dependence of
the pivot-point broadly follows the temperature dependence
of the upper critical field (i.e. B%,(T) oc (1 — (T/T;‘)lj)).
However figure 12(c) shows that in contrast to the temperature
dependence there is a very strong strain dependence for the
pivot-point that is completely different to that of the upper
critical field. Indeed there are compressive (~—0.3%) and
tensile strains (~+0.1%) where the pivot-point is a very
rapidly changing function of strain and between which the
pivot-point cannot be measured.

3.6. Parameterization over limited ranges

Of interest to the ITER community is to what degree the
parameterization of J. improves if it is limited to a smaller
part of phase space, focused for example on the operation
conditions of the tokomak. We have refitted a subset of the
data for these three strands in magnetic fields from 10 to 14 T;
temperatures of 4.2 and 8 K for the OST and BEAS II strands
and 4.2 and 10 K for the BEAS I strand and strains over the
whole reversible range measured above —1%. Since less data
are involved in these local fits, the resulting parameterizations
have higher accuracy in the fitted range of parameter space.
The new fitting parameters are listed in tables 7 and 8. When
using the Durham scaling law to fit the whole or the reduced
dataset, the changes to the parameters obtained for the OST
strand are small (typically ~2%). J. outside the measured
range of parameters could have been estimated from the
smaller data set without losing too much accuracy. However,
the parameters obtained from the smaller set of the BEAS
data differ by ~20% from the large data set. If the ITER
scaling law is used, similar results are obtained, but in addition
the free parameters can become almost non-physical. For
example, BjZ(O, 0) obtained in the reduced dataset of the
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Figure 11. Critical current density as a function of intrinsic strain at 4.2 K and at (a) 14 T, (b) 12 T and (c) 10 T for all three stands
measured. (d) Critical current density as a function of magnetic field at 4.2 K and e; = —1.05% for all strands measured. OST and BEAS 11
curves are obtained by interpolating the data from ¢y = —1.04% and —1.06%, respectively. A clear field-pivot-point can be seen at
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Table 7. Durham scaling law parameters for (a) OST (advanced internal-tin) strand, (b) BEAS I (bronze-route) strand and (c) BEAS II
(bronze-route) strand. Note that n, v, w and u are fixed constants. The fitting parameters were derived from a reduced range of data taken at
temperatures and magnetic fields that are appropriate for operating conditions in ITER.

(a) OST strand (internal-tin); RMS = 1.6 A

p q n v w u em (%)
0.943 2.372 2.500 1.500 2.200 0 0.269
A(0) (Am~2 T3 K~2) T:(0) (K)  B%(0,0) (T) e c3 c4

4.299 x 107 16.78 30.86 —0.728 —0.599 —0.169

(b) BEAS I strand (bronze-route); RMS = 1.4 A

p q n v w u em (%)
0.613 1.651 2.500 1.500 2.200 0 0.383
A0) (Am 2 T3 " K2 TX(0) (K)  B%(0,0) (T) ¢ c3 c4

1.855 x 107 16.56 29.04 —0.544 —0.351 —0.0737

(c) BEAS II strand (bronze-route); RMS = 1.0 A

p q n v w u em (%)
0.626 1.758 2.500 1.500 2.200 0 0.381
A(0) (Am™2 T3 " K2) T:(0) (K)  B%(0,0) (T) e a ca

1.777 x 107 16.54 30.04 —0490 —0.308 —0.0689

BEAS 1I is 34.5 T. Therefore, parameters obtained from a
much reduced dataset cannot be used for extrapolation and
have limited physical interpretation.

3.7. n-values

The n-values for each sample, obtained over the range of
technical interest 10-100 'V m~! using the power-law
expression E o J", have been plotted as a function of

10

critical current at various temperatures and magnetic fields
in figures 13 and 14. n-values are usually considered an
‘index of quality’ since they characterize the sharpness of
the E—J transition. In applications, n-values are also needed
for optimized magnet design. Both BEAS I and BEAS II
strands have slightly higher n-values than the OST strand (see
figure 13(a)). However, the normalized n-values of all strands
have similar strain dependence (see figure 13(b)). Consistent
with previous work [13, 29-31], the relation between the
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< 20+ e
E (a) OST strand (internal-tin); RMS = 2.9 A
g p q CATmM?)  Cy Ca
gl i 0.712 2.629 5742 x 10 112.0 78.38
€0,a (%) em (%) BL(0,00 (1) T3(0) (K)
0.207 —0.284 32.59 16.26
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Intrinsic Strain (%) p q C(ATm . ) Cai Ca
0.585 1.849 2.89 x 10'° 529.6 509.1
Figure 12. (a) Measured values of the pivot-point of the strands at " "
4.2 and 10 K as a function of field. (b) Measured and extrapolated 80(‘)“9(1?) _glvé%%) %2;(1)’ 0 (M {% (905) &)
values of the upper critical field of BEAS I and the pivot-point : ) ) )
between BEASI and the OST strands on a magnetic field versus (c) BEAS 1I strand (bronze-route); RMS = 1.3 A
temperature plot at fixed strqins of ‘—0.4% and —0.8%. (c) The p q C(ATm™?) Ca Co
upper critical field and the pivot-point on a magnetic ﬁeld Versus 0.539 2.022 2.675 x 1010 139.5 111.1
strain plot at fixed temperatures of 4.2 and 10 K. Unlike the
temperature dependence shown in panel (b), the strain dependence £0,a (%) em (%) B%,(0,0) (T) T:(0) (K)
of the pivot-point shown in panel (c) is completely different to that 0.205 —0.359 34.47 15.62

of the upper critical field.

where r and s only depend weakly on temperature and strain
and to a good approximation can be taken as approximately 3
nB,T,e) =1+ r[L]°, (10) and 0.5 respectively.

n-value and /. can be described by a modified power law:
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equation (10).

4. Discussion

There is increasing appetite in the community for in-
terlaboratory comparisons, perhaps including a series of
round-robin experiments of variable strain J, data on Nb3Sn
strands [32]. In figure 15, we have included a comparison
between the work presented here and measurements on
prototype bronze-route [33, 34] and internal-tin [15, 35]
strands measured in Durham as part of the EFDA/FAE/ITER
programme. All bronze-route strands measured in 2008
(figures 15(c) and (d)) received the same heat treatment but
were manufactured from different billets. A comparison of
the parameters derived shows that most parameters agree
to ~3% except for the strongly correlated coefficients of
the strain polynomial c», ¢3 and ¢4 of the BEAS strands.
Such a comparison shows that data comparisons will be
more straightforward than comparisons of interlaboratory
correlated fitting parameters. In figures 16 and 17, we
have compared the measurements presented here with those
from other laboratories which were conducted using various
techniques. The Korean Basic Science Institute (KBSI) used
a modified Walters-spring probe similar to the one used
at Durham. The University of Twente used the ‘bending
spring’ technique and the Japan Atomic Energy Agency
(JAEA) used a ‘bending ring’ technique. Regardless of the
methods used in different laboratories the J,. results obtained
are similar to £3% and +5% in J. at —0.6% strain for

different bronze-route and internal-tin strands respectively.
To what degree these differences are due to differences in
the wires (i.e. not all internal-tin wires are the same) or due
to differences in the measurements would be resolved by a
round-robin benchmarking series of experiments.

Choice of which scaling law to use requires decisions
about to what degree one weighs capturing the important
science against characterizing the data as accurately as
possible or minimizing the data set required and is largely
a matter of how the scaling law parameterization is to be
used. To a greater or lesser degree these scaling laws are
interpolative. Recently there has been more work directed
at trying to make them useful in extrapolation [36, 37] but
this will require a deeper understanding of dissipation in
polycrystalline superconductors and possibly a more detailed
understanding of the materials in these composites. The
Durham scaling law has the advantages that it fits the data
with the lowest RMS values in this study (and others [38]) and
includes a 1/x* dependence which is consistent with analytic
consideration of flux pinning/flux shear and computational
modeling [39]. The ITER scaling law has the advantage
of explicitly including a three-dimensional (3D) description
of the strain which will become increasingly important
as more complementary three-dimensional (neutron) data
become available. We have also considered a Josephson-
junction model here which also provides reasonable (but
the least good) fits to the data and explicitly includes a
characterization of the grain boundaries. All the scaling laws
or models implicitly assume a single value for the critical
superconducting parameters without including any realistic
distributions in B, or T.. We suggest that including such
distributions explicitly, may help lower the number of free
parameters by providing a more accurate description of these
strands, most obviously at high magnetic fields, temperature
and strains (i.e. close to the superconducting/normal phase
boundary) but also throughout the entire superconducting
phase. It is well known that there are more low tin regions in
bronze-route Nb3Sn strands than internal-tin strands [40-42].
Bronze-route strands have a gradient of tin content of over
7 at% Sn (from ~18 to ~24.5% Sn) across the A15 NbzSn
layer, while internal-tin strands show a smaller distribution
~4 at% Sn (between ~21 and ~25 at% Sn) across the
A15 layer. Hence B> (0) changes markedly from less than
5 up to ~30 T across the Al5 layer of such a strand [26].
Unfortunately without large comprehensive data sets and with
so many free-variables, one has to be careful about adding
more details of the science into the scaling laws because of
the risk of losing meaning for the (correlated) free parameters
derived.

One can interpret the parameterization in table 4 for the
three strands OST/Beas I/Beas II as follows for low strains:
systematically decreasing A(0) describes decreasing cross-
sectional area of superconducting material; systematically
decreasing T., B> and c¢», which describe decreasing
superconducting critical parameters and strain sensitivity are
explained by decreasing average tin content. Explaining the
functional form of the pivot-point at high compressive and
tensile strains is difficult but important since the difference
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between the conditions (magnetic field, temperature and
strain) that two strands are optimized at and their pivot-point,
provides a important scale for determining whether the
optimization conditions can be considered close to the
operating conditions or not. Moreover the literature provides
other reports of similar wires that have been optimized
using different heat treatments that show pivot-points at high
compressive strain values similar to those presented here [28,

Internal-tin superconducting strands
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Figure 17. Interlaboratory comparisons of the normalized critical
current as a function of intrinsic strain at 4.2 K and 12 T for
internal-tin strands with similar maximum critical current [15, 57,
58]. Inset displays the data near zero intrinsic strain. The line is
provided by the Durham scaling law for the BEAS II data.

33, 35] and that some heat treatments lead to crossover
behavior of J; at high magnetic fields that can even occur
at zero applied strain—observed in both bronze-route and
internal-tin wires [27, 43-46]. Part of the difficulty results
from untangling the role of the many different features of
the final form of the bronze-route and internal composite
strands. The spatial distribution of the Ti and/or Ta dopants
that are used to increase B.; is different in these strands [47]
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with the result that dopants can appear throughout the
bulk or preferentially at grain boundaries [3]. It has been
shown that the Ti has significantly higher irreversibility
strain than Ta [48]. The macro and micro-homogeneity of
the binary material itself will differ significantly across
the superconducting layer given the range of chemical
environment that occurs in these composites (cf figure 1). The
local strain state will vary throughout the strands and between
the strands because of the different distribution and size of
voids found in these complex composites. The grain size [49]
and the local composition of the grains will be different
for these two strands. The effective filament size (measured
by the losses) and the superconducting cross-sectional area
(at low strain) is much larger in the internal-tin wires
than the bronze-route wires. All these issues will affect the
functional form of the critical current density. But to date, in
the literature, they are addressed within the approximations
of WHH [50] theory for simple composite materials and
(time-dependent) Ginzburg—Landau theory [39, 51, 52]. As
a result one finds relatively smooth changes in the critical
superconducting parameters as a function of field, temperature
and strain and good agreement between experiment and
theory for the magnitude of J.. Under these approximations,
one would expect the pivot-point to vary smoothly on a B—T—¢
phase diagram since beyond the superconducting phase
transition, there are no additional phase transitions required
to describe the performance of these intermetallic/metallic
composites. However the data in figure 12 suggest that unlike
the temperature and field dependence of the pivot-point, the
strain dependence of the high tin content OST strand is
quite different. One could even speculate that the data are
characteristic of bimodal Nb3Sn where material with lower
tin content has a broad strain dependence similar to B¢
but the material with the very highest critical parameters
has very low or even non-superconducting properties beyond
the strain window from —0.3% to +0.1%. The data from
Kupfer et al showed in 1988 that one must also consider
to some degree both intrinsic and extrinsic (e.g. p and gq)
properties [46] in determining pivot-points. However given
that for any single pinning mechanism one expects a single
scaling law to operate, we cannot explain the strain window by
invoking variations in pinning or multiple types of pinning in a
strand. We conclude in the context of a very marked change in
superconducting properties under strain but not temperature or
field, that the high tin content OST strands have significantly
reduced properties under strain because of the proximity of
the tetragonal Nb3Sn phase which has low superconducting
critical parameters [42] and is found for near stoichiometric
(~25 at% Sn) Nb3Sn material.

Finally we note that: although the correlation between
tetragonal Nb3Sn and low superconducting properties is well
established in the literature [40, 42, 53, 54], recent results
on very high homogeneity NbsSn (produced using hot-
isostatic-pressing) suggest that there may be some important
special conditions under which tetragonal material can retain
high critical superconducting parameters [55]; given the
importance of phonons in determining the strain dependence
of the superconducting properties in NbszSn [15, 29],

they provide an explanation for the underlying strain
sensitivity of the pivot-point reported here [40, 59-61]; in the
optimization of Nb3Sn strands, one often tries to maximize
properties that compete—for example a high heat-treatment
temperature can increase the tin content and enlarge the A15
layer but it also increases grain size which is deleterious to
high J; [40, 45]. It is clear that one must be careful optimizing
materials at low applied strains by increasing tin content if
the operating conditions for the strand are in fact under high
compression since the increase in tin content may increase
the probability of producing materials with superconducting
properties under uniaxial strain with low superconducting
properties similar to tetragonal material.

5. Conclusions

We have comprehensively characterized one advanced
internal-tin (OST) and two advanced bronze-route (BEAS
I and BEAS II) Nb3Sn strands. The J. data show a clear
pivot-point. Changing the magnetic field, temperature or
strain from one side of the pivot-point to the other changes
the highest J. sample to the lowest J; sample and vice versa.
This paper provides evidence (cf figure 12) that regions with
excellent critical superconducting parameters at low intrinsic
strains appear to be very sensitive to strain indeed. We
suggest this is probably related to uniaxial strain producing
material similar to tetragonal phase Nb3Sn which has low
superconducting properties.
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