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ABSTRACT 

 

Comprehensive measurements are reported of the engineering critical current density (  C , ,J B T  ) 

at 10 μVm
-1 

and  , ,n B T   over the range 10 – 100 μVm
-1 

as a function of magnetic field, 

temperature and uniaxial strain for three different strands: an OST internal-tin Nb3Sn strand (Billet 

10536); two BEAS bronze-route Nb3Sn strands (BEAS I and BEAS II) which are nominally the 

same wire (Sample 01BR8305A01C) but were given different heat-treatments  - the classic ITER 

heat-treatment finishing with 100 hrs. at 650 C and a 2
nd

 heat-treatment finishing with 320 hrs at 

620 C (cf. table I below).   

 

The three strands are parameterised using the Durham scaling law and the ITER scaling law both 

of which have nine free-parameters – the RMS values show that the JC(B,T,ε) data is most 

accurately described using the Durham Scaling law.  The relationship between the n-value and 

critical current (IC) is parameterised using a modified power law of the form n = 1+rIC
s
, where r 

and s are constants. 

 

We have found:    

- At 4.2 K, 12 T and zero intrinsic strain, the OST strand has the highest JC (~ 40% higher 

than BEAS samples) and the JC of BEASI strand is ~ 3% higher than that of BEASII (cf. 

figure 1(a)).     

- For these 3 samples there are systematic trends.  The higher JC is associated with higher 

intrinsic parameters  *

C 0T and  *

C2 0,0B  and higher 2c  and 3c . This leads to greater strain 

sensitivity for the current density of the higher JC samples. 

- We have indentified a pivot point in compressive strain which increases with increasing 

field and temperature.  Changing the strain from one side of the pivot point side to the 

other, changes the highest JC sample to the lowest JC sample and vice versa.  For the three 

samples measured, at 4.2K and 12 T the pivot point has a compressive strain value of -0.9 

% that increases to -0.7% at 14 T.   

  

- At 4.2 K, 12 T and zero applied strain, the OST sample has the lowest n-values (~ 25% 

lower than BEAS samples - cf. figure 1(b)).     

- The n-values (and values of r and s) are similar for the two BEAS samples.  

- The normalised strain dependence of n is similar for all three strands.         

Accompanying this report are three spreadsheets that contain tabulations of the JC and n-value 

data, as well as the scaling-law parameterisation of  C , ,J B T   for OST, BEASI and BEASII 

strands respectively at:  http://www.dur.ac.uk/superconductivity.durham/publications.html  

http://www.dur.ac.uk/superconductivity.durham/publications.html
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1  INTRODUCTION 

The effect of strain on Nb3Sn strands is very important
1
 because large strains are unavoidable 

in large magnets.  The strains can originate from the differential thermal contraction between the 

components of the magnets during the process of cool-down and also from the large Lorentz forces 

produced during high-field operation.   The JC versus strain-dependence of Nb3Sn strands has a 

significant impact on the design and final performance of large Cable-in-Conduit Conductors 

(CICC) like those used in ITER.  For several years the Summers Scaling Law was widely accepted 

and used to describe JC of Nb3Sn strands.  However, measurements on the Model Coil and  (more 

recently on) advanced strands showed significant deviations from the functional form given by 

Summers, especially at high compressive strain.  It has long been known that the strand layout and 

composition (ternary or quaternary compounds with Ta and/or Ti additions) influences the 

magnitude, field and temperature dependence of the critical current.  It is now clear that for any 

conductor design, it is necessary to know JC as a function of field, temperature and strain, if one 

wants to ensure accurate reliable conductor performance predictions. 

One facility capable of measuring the field (B) and strain (ε) dependence of the critical strand 

current at variable temperatures (T) is available here at the University of Durham.  In the 

framework of the European Fusion Technology programme (F4E and EFDA), the University of 

Durham has been involved in several strand characterization tasks (e.g. EFDA contracts 02-662, 

03-1126 and 05-1296), and has a lot of experience in sample preparation, testing and evaluation of 

the results
1
.  The broad objectives of this current task are two-fold: 

i) A comprehensive characterization of JC(B,T,ε) and n-values for an advanced internal-

tin (OST) Nb3Sn strand. 

ii) A comprehensive characterization of JC(B,T,ε) and n-values for two bronze-route 

(BEASI and BEASII) Nb3Sn strands. These strands are nominally the same wire but 

were heat-treated using different schedules.     
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Fig. 1.(a) Engineering critical current density JC (and critical current IC) and (b) n-value versus 

magnetic field for Nb3Sn strands made by different manufactures. OST is an advanced internal-tin 

strands. The BEASI and BEASII are bronze-route strands. 

 

The report is structured as follows: Section 2 outlines the experimental procedure. Section 3 

presents the experimental results, analysis and summary for the OST sample and the two BEAS 

samples. Sections 3.1 and 3.2 present the results.  Section 3.3 presents the  C , ,J B T   scaling-law 

parameterization and the parameterisation of the n-value data for the three strands using both the 

Durham scaling law and the official ITER scaling law proposed for characterising Nb3Sn strands. 

Finally, section 4 presents the concluding comments which includes a comparison between the 

strands.  

 

2  EXPERIMENTAL PROCEDURE 

2.1 Sample heat-treatment 

 

Measurements were performed on the Nb3Sn strands using well-established procedures. All 

strands were heat-treated in an argon atmosphere.  Table I shows the heat-treatment schedules and 
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the sample identification numbers for the 3 samples.  The samples were all reacted on oxidised 

stainless-steel mandrels in a three-zone furnace, with an additional thermocouple positioned next 

to the sample in order to monitor the temperature.  The strands were then etched in hydrochloric 

acid to remove the chrome plating.  The strands were transferred to Cu-Be helical springs, to 

which they were attached by copper plating and soldering.  The helical springs used for these 

measurements have four central turns and a rectangular cross-section 
2,3

.     

 

 

BEAS strand I 

(Sample 01BR8305A01C) 

OST strand (Billet 10536) 

BEAS strand II (Sample 01BR8305A01C) 

      Ramp at 5°C h
-1

 to 595°C and hold for 160 h       Ramp at 5°C h
-1

 to 210°C and hold for 50 h 

     Ramp at 5° C h
-1

 to 620°C and hold for 320 h      Ramp at 5° C h
-1

 to 340°C and hold for 25 h 

     Ramp at 5° C h
-1

 to 500°C      Ramp at 5° C h
-1

 to 450°C and hold for 25 h 

     Cool to room temperature inside furnace      Ramp at 5° C h
-1

 to 575°C and hold for 100 h 

      Ramp at 5° C h
-1

 to 650°C and hold for 100 h 

      Ramp at 5° C h
-1

 to 500°C 

      Cool to room temperature inside furnace 

 

 
Table I Heat-treatment schedules and sample identification numbers  

for the OST, BEASI and BEASII strands. 

 

 

2.2 Using the Durham JC(B,T,ε)  probe 

 

The Durham strain probe
2,4

 was used to carry out voltage–current (VI) measurements on the 

strands as a function of magnetic field (B), temperature (T) and applied axial strain ().  The 

spring (and sample) were mounted onto the probe and the strain was applied by twisting the spring 

via concentric shafts: 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. For 

measurements at 4.2 K, the outer can contains a number of holes to admit liquid helium from the 

surrounding bath.  For measurements above 4.2 K, the outer can forms a vacuum space around the 

sample with a copper gasket and knife edge seal between the can and the outer shaft. The 

temperature is controlled via three independent pairs of Cernox thermometers and constantan wire 
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heaters
6
. A detailed description of the experimental apparatus and techniques can be found 

elsewhere 
2,4,5

. 

The measurements consist of monitoring the voltage across different sections of the sample as a 

function of the current through it. JC (or IC) was measured (is defined) at an electric field criterion 

of 10 µVm
-1

.  

 

3 RESULTS AND ANALYSIS 

This report presents critical current (IC) and engineering critical current density (JC) data defined at 

an electric-field criterion of 10 μVm
-1

, where JC is calculated by dividing the critical current by the 

total cross-sectional area of the strand. OST and BEAS strands have the diameter/total cross-

sectional area of 0.820 mm (manufacturers value)/5.281 × 10
-7

 m
2
 and 0.808 mm (measured using 

SEM)/5.128 × 10
-7

 m
2
 respectively.  We choose to quote an engineering JC, rather than the often 

used non-Cu JC or JC in the superconducting layer to avoid any ambiguity or loss of clarity that can 

occur if the nominal value for the Cu/non-Cu ratio or the area or distribution of the reacted Nb3Sn 

material in the strand is subsequently found to be significantly different from the nominal values.   

3.1 OST sample data 

3.1.1 OST JC(B,T,ε) data 

 

Figure 2 shows typical electric field–current density (E-J) (and voltage–current: V-I) 

characteristics measured at 4.2 K and εA  = -0.30 %. The noise in these measurements is about 10 

nanovolts – primarily the Johnson noise from the room-temperature section of the voltage leads.  It 

is clear that these characteristics are not straight lines.  Nevertheless for magnet engineering 

purposes, it is helpful to obtain n-values which are calculated using the power law expression E =  

αJ
n
 for E between 10 and 100 µVm

-1
.  

Figure 3a is a plot of JC (and IC) as a function of applied strain at 4.2 K for the OST sample 

for magnetic fields at and below 14.5 T with field increments of 0.5 T. After the compressive 

measurements at 4.2 K had been completed, the sample was warmed to room temperature so the 

variable temperature outer can could be installed.  The sample was then recooled to cryogenic 

temperatures and measurements made at 8 K, 10 K and 12 K. The JC (and IC) data as a function of 

applied strain at 4.2 K and 8 K are shown in figure 3.  Figure 4 shows data taken at 10 K and 12 K. 

Figure 5 shows some reversible critical current data taken at 10 K over a range of different strains.  
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The data provide strong evidence that JC is reversible under strain in these measurements and 

hence that the strand filaments have remained undamaged.  The engineering JC of the OST 

samples is the highest among the three strands as shown by the data in figure 1 taken at zero 

applied strain. In figures 3 and 4, the solid/dashed lines were provided by the Durham/ITER 

scaling law respectively and are discussed in section 3.3.   
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Fig. 2.  Log-log plot of electric field versus current (and voltage versus current) for the OST strand at 4.2 K, 

with A  = - 0.30% in magnetic fields between 12 T and 14.5 T in increments of 0.5 T. 
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Fig. 3. Engineering critical current density (and critical current) of OST strand as a function of applied 

strain at (a) 4.2 K in magnetic fields from 10 to 14.5 T in increments of 0.5 T and at (b) 8 K in fields from 8 

to 14.5 T in increments of 0.5 T. The solid lines are provided by the Durham scaling law
6
 using the 9 free 

parameters listed in table II.  The dotted lines are provided by the ITER scaling law
7
 (parameters in table 

III). 
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Fig. 4. Engineering critical current density (and critical current) of OST strand as a function of applied 

strain in magnetic fields (a) from 7.5 to 14.5 T at 10 K, and (b) from 6.5 to 12 T at 12 K. The increment of 

the magnetic fields is 0.5 T. The solid lines are provided from fitting the 9 free-parameter Durham scaling 

law. The dotted lines are provided by the ITER scaling law. 
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Fig. 5:  The critical current as a function of applied strain at 10 T and at T = 10 K, for the OST strand. The 

lines are guides to the eye.   

 

 

3.1.2 OST - n(B,T,ε) data 

 

Using the power-law expression E= αJ
n
 and fitting the E-J data over the range from 10 to 100 

µVm
-1

, values of n were obtained.  The n-values of the OST strand as a function of intrinsic strain 

I are displayed in figure 6 where T = 4.2 K, B = 14.5 T along with the two BEAS Nb3Sn strands. 

The n-values for the OST strand are smaller than the BEAS Nb3Sn strands. It can be seen that the 

strain–dependence of the n-value shows a similar inverted quasi-parabolic behaviour to the critical 

current density. In order to parameterise the relationship between the n-value and critical current, 

n-1 versus critical current is plotted as shown in figure 7 and values for r and s found.  

3.2 BEAS samples data 

3.2.1 JC(B,T,ε) data 

  

Figures 8 to 11 show JC (and IC) of the BEASI and BEASII strands as a function of applied strain 

at temperatures from 4.2 K to 12 K for magnetic fields at and below 14.5 T. Figures 12 and 13 

show the strain reversibility of the data for the two samples taken at 4.2 K and 10 T.  The data 

provide strong evidence that as with the OST measurements, the strand filaments have remained 

undamaged throughout these measurements. 
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Fig. 6:  n-value as a function of intrinsic strain for OST strand compared with other BEAS strands. Lines 

are guides to the eyes. 

 

 

Fig. 7:  The n-value obtained from fitting the experimental data to the equation E= αJ
n
 over the range from 

10 to 100 µVm
-1

. Data are shown for the OST strand plotted as n-1 as a function of critical current at T = 

4.2 K, 8 K, 10 K and 12 K in different fields. The line shows a fit to all the data using equation (9) where r 

= 2.83 and s = 0.45. 
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Figure 8. Engineering critical current density (and critical current) as a function of applied strain 

at 4.2 K and magnetic fields between 8 and 14.5 T for the BEASI strand. The solid lines are 

provided by the Durham scaling law
6
 using 9 free parameters listed in table IV.  The dotted lines 

are provided by the ITER scaling law
7
 (parameters in table V) 

 

 

 
Figure 9.  Engineering critical current density (and critical current) as a function of applied strain at 10 K 

and magnetic fields between 7.5 and 14.5 T for the BEASI strand. The solid lines are provided by the 

Durham scaling law
6
 using 9 free parameters listed in table IV.  The dotted lines are provided by the ITER 

scaling law
7
 (parameters in table V). 
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Figure 10. Engineering critical current density (and critical current) of BEASII strand as a function of 

applied strain at (a) 4.2 K in magnetic fields from 8 to 14.5 T and at (b) 8 K in fields from 8 to 14.5 T in 

increments of 0.5 T. The solid lines are provided by the Durham scaling law
6
 using 9 free parameters listed 

in table VI.  The dotted lines are provided by the ITER scaling law
7
 (parameters in table VII). 
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Figure 11.  Engineering critical current density (and critical current) of BEASII strand as a function of 

applied strain at (a) 10 K in magnetic fields from 7.5 to 14.5 T in increments of 0.5 T and at (b) 12 K in 

fields from 6.5 to 11 T in increments of 0.5 T. The solid lines are provided by the Durham scaling law
6
 

using 9 free parameters listed in table VI.  The dotted lines are provided by the ITER scaling law
7
 

(parameters in table VII). 
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Fig. 12:  The critical current as a function of applied strain at 10 T and at T = 4.2 K, for the BEASI 

strand. The lines are guides to the eye. 

 
 

Fig. 13:  The critical current as a function of applied strain at 10 T and at T = 4.2 K, for the 

BEASII strand. The lines are guides to the eye. 

 

 

3.2.2 n(B,T,ε) data 

 

As with the OST sample, we have used the E-J data to fit the power-law expression E= αJ
n
 over 

the range from 10 to 100 µVm
-1

, to obtain values of n for BEASI and BEASII strands.  In order to 

parameterise the relationship between the n-value and critical current, n-1 versus critical current is 

plotted as shown in figures 14 and 15. The straight lines in these figures are provided by the power 

laws shown. It can seen that the fitting parameters r and s are almost identical for the two BEAS 

strands. 
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Fig. 14:  The n-value obtained from fitting the experimental data to the equation E= αJ
n
 over the range 

from 10 to 100 µVm
-1

. Data are shown for the BEASI strand plotted as n-1 as a function of critical current 

at T = 4.2 K and 10 K in different fields. The line shows a fit to all the data using equation (9) where r = 

2.97 and s = 0.50. 

 

 

Fig. 15:  The n-value obtained from fitting the experimental data to the equation E= αJ
n
 over the range 

from 10 to 100 µVm
-1

. Data are shown for the BEASII strand by plotting n-1 as a function of critical current 

at T = 4.2 K, 8 K, 10 K and 12 K in different fields. The line show a fit made using equation (9), where r = 

3.03 and s = 0.50. 
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3.3 Critical current and n-value parameterisation 

3.3.1 Durham and ITER scaling laws for critical current density 

 

i) Durham Scaling Law 

The  C , ,J B T   data at 10 Vm
1

 are parameterised using the Durham scaling law
2
, which 

involves the following relations: 

           
2 3

* 2 * 1

C I I C I C2 I, , 1 , 1
n qpJ B T A T t B T b b   


       
 (1) 

     * *

C2 I C2 I, 0, 1B T B t    (2) 

 
 

 

 

 

 

 

1 1
* *

I C2 I C I

* *

C2 C

0,

0 0,0 0

u w

A B T

A B T

     
       

   
 (3) 

 
 

 

*

C2 I 2 3 4

2 I 3 I 4 I*

C2

0,
1

0,0

B
c c c

B


      , (4) 

 I A M    , (5) 

where JC is the engineering critical current density (the critical current divided by the total cross-

sectional-area of the strand), A is the applied strain,  I is the intrinsic strain, M is the applied 

strain at the peak, *

CT  is the effective critical temperature, *

Ct T T  is the reduced temperature, *

C2B  

is the effective upper critical field and *

C2b B B  is the reduced field.  

To date we have found that if comprehensive data are available, a 13 free-parameter fit is best for 

engineering purposes.  However in many cases, there is little loss of accuracy parameterising the 

strands if the number of free parameters is reduced to 9 and universal values of n = 2.5,  = 1.5, w 

= 2.2, u = 0 are used
2
.  

ii) ITER scaling Law  

The extensive data in this work has also been parameterised using a scaling law
7
 proposed for 

characterising interlaboratory measurements of ITER strands.  It has 9 free parameters and is of the 

form:   
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     1.52 2

C I I, , (1 )(1 ) 1
qpC

J B T s t t b b
B

      .                                (7) 

where  Is  is a specified function of strain.  This equation follows work that considers the 3-

dimensional nature of strain into the scaling law
8
.  It effectively includes a 1/κ term

9
 .  This can be 

contrasted with the 1/κ
2
  found in the Durham scaling law which is consistent with experiment 

data
2
, computational work

13
 and theory

14
.  The concerns about the 1/κ choice have been discussed 

previously 
6
.   

3.3.2 n-value parameterization 

 

The n-value is defined via the following relation: 

nE J     (8) 

where E is the electric field and J is the (engineering) current density. A tabulation of the 

 C , ,J B T   and  , ,n B T  data for OST strand and two BEAS strands can be found in the 

spreadsheets that accompany this report
10

. The n-value is commonly used as a ‘quality index’ for 

the superconducting materials
11-13,14,15

. The origin of the n-value in superconducting strands can be 

attributed to the distributions in the critical current and the flux-flow resistivity within the 

filaments
12-14,16-18

. In some simples cases, non-uniformity of the filaments can be the most 

important factor that determines the n-value 
13,14,17,19

, in others intrinsic effects are important
18

. 

Given the similar inverted quasi-parabolic behaviour found for both n and the critical current as 

well as the experimental result that n approaches to 1 as IC to zero, the relationship between n-

value and the critical current is parameterised using the following modified power law
25

,  

                                 
 I,

I I C I, , 1 , , ,
s T

n B T r T I B T


       .          (9)                             

The relation between n and the critical current is shown in figures 7, 14 and 15 where we find that 

both  I,s T   and  I,r T   are only very weakly dependent on the applied strain. Detailed 

understanding of the connectivity between the superconducting regions and the low-resistivity 

normal regions will be required to provide further insight into n-values.   
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3.3.3 Parameterisation of the OST strand. 

 

        The JC(B,T,ε) data sets (cf. Figures 3 and 4) for the OST Nb3Sn strand were parameterised 

using scaling laws with just 9 free-parameters.  The parameters from the Durham Scaling law are 

given in table II (the four parameters in bold are not varied in the fitting procedure).  The data were 

also parameterized using the official ITER scaling law and the free parameters are given in table 

III. The RMS difference between the measured IC and parameterized values is ~ 2.8 A for the 

Durham scaling law whereas the ITER scaling law gives ~ 3.3 A. The parameterisation covers the 

field range from 6.5 T to 14.5 T and the temperature range from 4.2 K to 12 K.  In total 559 

JC(B,T,ε) data points have been fitted. 

The values of r and s derived from the n-value data for the OST strand were 2.83 and 0.45 

respectively.   

        p q n  w u M (%) 

  2.500 1.500 2.200 0  

 0A  

(Am
2

T
3n

K
2

) 

 *

C 0T  

(K) 

 *

C2 0,0B  

(T) 

c2 

 

c3 

 

c4 

 

×

     

 

Table II: Durham scaling law parameters for the OST internal-tin strand derived from variable strain, field 

and temperature data using 9 free-parameters. Data were obtained at 4.2, 8, 10 and 12 K.  The four 

parameters in bold were not varied in the fitting procedure. (RMS ~ 2.8 A)  

  

       

p q C (ATm
-2

) Ca1 Ca2 

0.746 2.335 5.421 × 10
10

 79.94 45.04 


0,a

 (%) 
M

 (%)  *

C20max 0,0B     (T)  *

C0max 0T   (K) 

0.207 0.284 32.59 16.26 

 
 

Table III:  The official ITER scaling parameters for the OST strand derived from variable field, variable 

temperature and variable strain data – 9 free parameters. Data fitting was limited to 4.2, 8, 10 and 12 K.  

(RMS ~ 3.3 A) 
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3.3.4 Parameterisation of the BEASI and BEASII strands. 

 

The JC(B,T,ε) data of BEASI and BEASII strands were parameterized using the Durham 

Scaling law with 9 free-parameters. The parameters from the Durham Scaling law are given in 

tables IV and VI and the official 9 free-parameter ITER fit is shown in tables V and VII. These 

scaling results are plotted graphically in figures 8-11 as solid and dotted lines For the BEASI 

strand the parameterisation covers the field range from 7.5 T to 14.5 T, and the  temperature range 

from 4.2 K  to 10 K.  In total 306 JC(B,T,ε) data points have been fitted. While for the BEASII 

strand the parameterisation covers the field range from 6.5 T to 14.5 T and the temperature range 

from 4.2 K  to 12 K.  In total 489 JC(B,T,ε) data points have been fitted. 

The values of r and s derived from the n-value data for the BEASI strand were 2.97 and 0.50 

respectively and equivalent values for the BEASII strand were 3.03 and 0.50. 

 

p q n  w u M (%) 

1.056 2.099 2.500 1.500 2.200 0 0.382 

 0A  

(Am
2

T
3n

K
2

) 

 *

C 0T  

(K) 

 *

C2 0,0B  

(T) 

c2 

 

c3 

 

c4 

 

×

 16.60 29.80 -0.487 -0.263 -0.0420 

 
Table IV: Durham scaling law parameters for BEASI strand derived from variable strain, field and 

temperature data using 9 free-parameters. Data were obtained at 4.2 and 10 K.  The four parameters in bold 

were not varied in the fitting procedure (RMS ~ 3.2 A). 

  

p q C (ATm
-2

) Ca1 Ca2 

0.525 1.547 2.357× 10
10

 404.87 386.71 


0,a

 (%) 
M

 (%)  *

C20max 0,0B     (T)  *

C0max 0T   (K) 

0.139 0.422 29.88 16.06 

 
Table V:  The official ITER scaling parameters for BEASI strand derived from variable field, variable 

temperature and variable strain data – 9 free parameters. Data were obtained at 4.2 and 10 K. (RMS ~ 3.8 

A). 

 

p q n  w u M (%) 

0.490 1.420 2.500 1.500 2.200 0 0.369 
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 0A  

(Am
2

T
3n

K
2

) 

 *

C 0T  

(K) 

 *

C2 0,0B  

(T) 

c2 

 

c3 

 

c4 

 

×

 16.36 28.75 -0.435 -0.219 -0.0325 

 

Table VI: Durham scaling law parameters for BEASII strand derived from variable strain, field and 

temperature data using 9 free-parameters. Data were obtained at 4.2, 8, 10 and 12 K. The four parameters in 

bold were not varied in the fitting procedure. (RMS ~ 2.4 A). 

 

 

 

 

 p q C (ATm
-2

) Ca1 Ca2 

0.489 1.618 2.227× 10
10

 226.93 203.86 


0,a

 (%) 
M

 (%)  *

C20max 0,0B     (T)  *

C0max 0T   (K) 

0.187 0.366 30.28 16.02 

 

Table VII: The official ITER scaling parameters for BEASII strand derived from variable field, variable 

temperature and variable strain data – 9 free parameters. Data were obtained at 4.2, 8, 10 and 12 K. (RMS ~ 

2.5 A). 

4 CORRELATION:  HIGHER CRITICAL CURRENT DENSITY – 

HIGHER STRAIN SENSITIVITY. 

Figure 16 shows both the absolute values and the normalised values of the critical current density 

as function of strain at 12 T and 14 T.  Consistent with the clear trends in the parameterisation 

values of the Durham scaling law fits (cf Tables II, IV and VI),  higher JC is associated with higher 

intrinsic parameters  *

C 0T and  *

C2 0,0B and higher 2c  and 3c  .  This leads to greater strain 

sensitivity for the current density in higher JC samples. 

Figures 17 and 18 show a clear pivot point in compressive strain which increases with increasing 

field and temperature.  Changing the strain from one side of the pivot point side to the other 

changes the highest JC sample to the lowest JC sample and vice versa.  For the three samples 

measured, at 4.2K and 12 T the pivot point has a compressive strain value of -0.9 % that increases 

to -0.7% at 14 T as shown in Fig. 19.  

 The relationship between the n-value and critical current (IC) has been parameterised using a 

modified power law of the form n = 1+rIC
s
, where r and s are constants. The OST sample has the 

lowest n-values.  The n-values (and values of r and s) are similar for the two BEAS strands.  As 
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shown in Fig. 20, the normalized n-values of the different types of Nb3Sn strand show quite similar 

strain behaviour as a function of intrinsic strain. 

 

 

Fig. 16:  Critical current and normalized critical current as functions of intrinsic strain at T = 4.2 K and at 

magnetic fields equal 12 and 14 T for the three strands measured in this report.  The lines are guides to the 

eye.    
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Figure 17: Critical current (IC) 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. Note that at a fixed magnetic field IC of all samples coincide on one intrinsic 

strain (indicated by arrows in the figure). 

 

 

 
Figure 18: Intrinsic strain dependence of critical current (IC) at 12 T and at (a) 4.2 K and (b) 10 K for all 

three strands measured.  At a fixed temperature IC of all strands meet at one intrinsic strain as indicated by 

arrows in the figure. 
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Figure 19: Pivot points of the strands at 4.2 K and 10 K. The lines are guides to the eye. 

 

 

 
Fig. 20:  Normalized n-values as a function of intrinsic strain for the three strands measured in this report. 

The line is guide to the eye. 
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5 CONCLUDING COMMENTS. 

We have reported the engineering critical current density (  C , ,J B T  ) at 10 μVm
-1 

and  , ,n B T   

over the range 10 – 100 μVm
-1 

as a function of magnetic field, temperature and uniaxial strain for 

OST, BEASI and BEASII strands.  The three strands are parameterised using the Durham scaling 

law and the ITER scaling law both of which have nine free-parameters – the RMS values show 

that the JC(B,T,ε) data is most accurately described using the Durham Scaling law.  

The reversibility of the critical current data as a function of strain is excellent. 

Comparisons with data produced in Durham, shows that reproducibility of the Durham variable 

strain data over many years is excellent.    

Consistent with the clear trends in the parameterisation values of the Durham scaling law fits (cf 

Tables II, IV and VI),  higher JC is associated with higher intrinsic parameters  *

C 0T and 

 *

C2 0,0B and higher 2c  and 3c  .  This leads to greater strain sensitivity for the current density in 

higher JC samples and pivot points. 

The relationship between the n-value and critical current (IC) has been parameterised for aqll thre 

strands using a modified power law of the form n = 1+rIC
s
, where r and s are constants. The OST 

sample has the lowest n-values.   

Accompanying this report are three spreadsheets that contain tabulations of the JC and n-value 

data, as well as the scaling-law parameterisation of  C , ,J B T   for OST, BEASI and BEASII 

strands respectively at:  http://www.dur.ac.uk/superconductivity.durham/publications.html 

http://www.dur.ac.uk/superconductivity.durham/publications.html
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