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Abstract

Detailed measurements of the critical current density (Jc) of a bronze-route niobium–tin wire are presented for magnetic fields (B)
up to 15 T as a function of temperature (T) from 6 K up to 16 K in the strain (e) range between �0.7% and þ0.7%. The data for this
technological wire are described by a unified strain and temperature scaling law for the pinning force density of the form

FpðB; T ; eÞ ¼ Jc � B ¼ AðeÞ½B�
c2ðT ; eÞ	

nbpð1� bÞq, where AðeÞ is a function of strain alone, B�
c2 is the effective upper critical field at

which Fp extrapolates to zero, b ¼ B=B�
c2 is the reduced magnetic field and n, p and q are constants. It is demonstrated that were

AðeÞðB�
c2Þ

n
replaced by F ðT ÞðB�

c2Þ
m
where F ðT Þ is a function of temperature alone, the strain index m is a strong function of tem-

perature and strain, and in high compression m ¼ n. The effective upper critical field can be parameterized using the expression
B�
c2ðT ; eÞ ¼ B�

c2ð0; eÞð1� ðT=T �
c ðeÞÞ

mÞ, where m is a constant and T �
c ðeÞ is the effective critical temperature at which B�

c2 at a given strain

extrapolates to zero. The strain dependence of the ratio B�
c2ð0; eÞ=T �

c ðeÞ and the slope ð�oB�
c2ðT ; eÞ=oT ÞT¼T �

c ðeÞ is reported. The

data presented are useful for cryocooled high field magnets and for identifying the mechanisms that determine Jc in niobium–tin
superconducting wires. � 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The effect of strain (e) on the superconducting tran-
sition temperature (Tc) and the critical current density
(Jc) of niobium–tin (Nb3Sn) wires and ribbons was first
reported in the 1960s [1–3]. It was more than a decade
before a substantial effort was directed by the commu-
nity at understanding the effects of stress and strain on
the properties of Nb3Sn and its ternary compounds [4–
21]. It is now widely accepted that the dependence of Jc
on strain is primarily associated with changes in the
superconductor’s fundamental properties such as Tc and
the upper critical field Bc2, as well as changes in super-
conductor’s microstructure due to strain application.
Among the most challenging design requirements for

building electromagnets using Nb3Sn, which is still the

preferred material for applications above 12 T, are those
involving electromechanical properties since Nb3Sn is
inherently brittle and the effect of strain on Jc is rela-
tively large in this conductor. The initial increase in Jc
with applied tensile strain that is generally observed in
Nb3Sn composites is now well understood as due to the
reduction of pre-compression on the superconducting
filaments. This pre-compression is applied by other
component materials of the composite wire during the
cooling from the heat-treatment temperature to the op-
erating temperature due to differential thermal contrac-
tion [9,10]. Furthermore, the findings of the Ekin strain
scaling law [17] which describes the strain and magnetic
field (B) dependence of Jc at 4.2 K, and the Fietz–Webb
temperature scaling law [22] which describes the tem-
perature (T) and magnetic field dependence of Jc at zero
applied strain, have proven very useful to parameterize
Jc for use in the design and fabrication of high magnetic
field systems and to provide some insight into the
mechanisms that govern Jc in this class of supercon-
ductors.
The mechanisms that determine Jc in Nb3Sn, how-

ever, are still not fully understood. This is primarily
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because it is not yet clear how normal and supercon-
ducting properties vary on the scale of the coherence
length which is the scale over which effective flux pinning
occurs. There is long standing evidence that in low mag-
netic fields, grain boundaries are the important pinning
sites since Jc / 1/(grain-size) [23]. However in high mag-
netic fields, grain-boundaries probably play a less im-
portant role in determining Jc [24–27].
In the last decade, the development of cryocooled and

large-scale high field systems has provided additional
impetus to extending the strain scaling law to different
temperatures. In recent work, we demonstrated that a
limited set of JcðB; T ; eÞ data for a bronze processed
Nb3Sn multifilamentary conductor could be described
using a unified strain and temperature scaling law [28] of
the form first proposed by Kroeger et al. [19]. The law
eliminates the apparent inconsistency between the tem-
perature scaling law [22] and the strain scaling law [17].
In this paper, a more comprehensive set of Jc data is
presented for a 0.37 mm diameter bronze processed
Nb3Sn multifilamentary wire. In particular, more de-
tailed variable-temperature data are provided and the
strain range has been extended so it includes the tech-
nologically important range from �0.7% to þ0.7%,
particularly for development of large-scale systems that
utilize cable-in-conduit conductors [29]. These data
confirm the applicability of the unified scaling law to a
wide temperature and strain range. The effective upper
critical field B�

c2, the field at which the pinning force
density Fp (¼ Jc � B) extrapolates to zero, was found to
follow universal scaling as a function of both tempera-
ture and strain. Furthermore, the strain dependence of
the effective critical temperature T �

c , the temperature
at which B�

c2 extrapolates to zero, was extracted from
transport Jc data and compared to other data in the lit-
erature. The general issues of the parameterization of
such data and the implications for the general under-
standing of Jc in technologically important conductors
are also discussed.

2. Experimental procedure

The conductor measured was a bronze-route Vacu-
umschmelze Nb3Sn wire 0.37 mm in diameter, which
contained 4500 Nb filaments in an unstabilized CuSn
matrix. The wire was heat treated on a stainless steel
mandrel for 64 h at 700 �C in an argon atmosphere. The
wire was then transferred onto a CuBe spring and sol-
dered to it along with current leads and voltage taps.
The probe used to make these measurements has been

described in detail elsewhere [30]. Important features
include the use of an isolated enclosure which incorpo-
rates a CuBe spring on which the sample is mounted
[31], high current lead-throughs [32] to enable variable-
temperature measurements in vacuum [33], and a copper

gasket seal which maintains the vacuum integrity of the
probe and sustains the torque applied to the CuBe
spring. The spring sample holder, which serves to apply
strain to the sample, has the advantage over the end-grip
technique with a free standing sample [3,12,17,19] of
allowing application of both tensile and compressive
strain, and protecting the sample against the Lorentz
force produced during the measurements [30,31,34]. The
spring technique, however, requires additional measure-
ments or calculations to determine the strain-free state
of the sample. The choice of the spring material is crit-
ical [30]. CuBe alloy was used in the fabrication of the
spring rather than Ti [31] (or Ti coated with Cu and Ag/
Cu solder [35]), stainless steel or brass [34,36], because
CuBe has a high proportional limit of elasticity, matches
the thermal expansion of typical Nb3Sn technological
conductors well and can be soldered to directly [30].
The data acquisition followed standard procedure

[30,37–39]. At fixed magnetic field, temperature and
strain, the current through the sample was slowly in-
creased and the voltage across the sample measured
using a standard four-terminal V–I configuration. The
measurement was repeated as a function of magnetic
field. Thereafter the temperature was changed and V–I
curves measured throughout the field range. Then the
strain was changed and V–I curves measured again as a
function of field and temperature. This process was re-
peated at all required strain values to obtain the com-
plete data set. Measurements were made at currents up
to �25 A, from 6 K up to 16 K, in the range of applied
strain between �0.7% and þ0.7%, in magnetic fields up
to 15 T. The shunt resistance parallel to the supercon-
ductor, due to the spring sample holder and conductor’s
matrix, was measured at the normal state (20 K) as a
function of magnetic field for three different values of
strain. To first order, this resistance is independent of
strain and magnetic field. The current sharing through
the shunt at 1 lV/cm is as low as 60 mA. Nevertheless it
is necessary to take it into account, particularly for the
data obtained close to B�

c2. The critical current (Ic) was
determined at a criterion of 1 lV/cm after subtracting
systematically the current sharing from the V–I curves.

3. Results and analysis

3.1. JcðB; T ; eÞ data and scaling of Fp with magnetic field

The critical current density values (Jc) have been
calculated from Ic data using the cross-sectional area of
the entire wire. Since this wire contains no copper, the
definition of Jc used is equivalent to both the non-copper
critical current density and the engineering critical cur-
rent density of this conductor. Typical Jc data obtained
at 12 K as a function of applied strain and magnetic field
are shown in Fig. 1. The data confirm that the sample is
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under pre-compression after it has been cooled to
cryogenic temperatures, typical of technological Nb3Sn
wires [9,10]. The pre-compressive strain emax defined by
the position of the peak of JcðeÞ, is about 0.33% for this
conductor attached to the CuBe spring. In Fig. 2, the
same data are plotted in the form of Jc versus magnetic
field at different values of applied strain (e). Note that
the application of compressive strain to the sample (as
high as �0.7%) offers the possibility of significantly
widening the window of study of Jc.
In order to obtain the free parameters in the scaling

law equation, a global fitting of all the data was ob-
tained using a field dependence for Fp of the form [22]:

Fp ¼ KðT ; eÞbpð1� bÞq; ð1Þ

where b ¼ B=B�
c2 is the reduced magnetic field, p and q

are constants, and KðT ; eÞ is an arbitrary function of
temperature and strain. A least-squares fit to the data
was made using the subroutine Solver available with the
software Microsoft Excel. The best fit was found for
p ¼ 0:5 and q ¼ 3:5. For comparison we then focussed
exclusively on other half-integral values of q: when ðp; qÞ
were forced to take the values (0:5; 3), the errors in-
creased by a factor of 2.5 with respect to the optimum
fit. For ðp; qÞ ¼ ð0:5; 2:5Þ the increase was about a factor
of 15, while ðp; qÞ ¼ ð0:5; 2Þ gave values for B�

c2 that were
often lower than the magnetic fields at which the su-
percurrent was measured to be non-zero. In Figs. 3–5,

Fig. 1. Critical current density (Jc) data as a function of applied strain
(e) at 12 K for different values of magnetic field (B) using the 1 lV/cm
criterion, obtained for a bronze processed Nb3Sn multifilamentary

wire. The position of the peak is situated at around emax ¼ 0:33%.

Fig. 2. Critical current density (Jc) data as a function of magnetic field
(B) at 12 K for different values of applied strain (e) using the 1 lV/cm
criterion, obtained for a bronze processed Nb3Sn multifilamentary

wire. Application of compressive strain to the sample (as high as

�0.7%) offers the possibility of significantly widening the window of
study of Jc.

Fig. 3. Normalized pinning force as a function of reduced magnetic

field ðb ¼ B=B�
c2Þ at 12 K for different values of applied strain (e),

obtained for a bronze processed Nb3Sn multifilamentary wire. The

continuous line represents a function proportional to b0:5ð1� bÞ3:5.

Fig. 4. Normalized pinning force as a function of reduced magnetic

field ðb ¼ B=B�
c2Þ at 14 K for different values of applied strain (e),

obtained for a bronze processed Nb3Sn multifilamentary wire. The

continuous line represents a function proportional to b0:5ð1� bÞ3:5.
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good scaling of the data at 12, 14 and 16 K is shown
using the values p ¼ 0:5 and q ¼ 3:5. The scaling of Fp
with magnetic field is observed for all the values of strain
and temperature used.

3.2. Universal scaling of B�
c2 with strain and temperature

Values of the effective upper critical field (B�
c2ðT ; eÞ)

were determined from the data fitting procedure de-
scribed above. In light of the enormous effort directed at
understanding the phase diagram for the flux-line-lattice
of high temperature superconductors [40–42], one may
consider whether B�

c2ðT ; eÞ is, for example, characteristic
of a distribution of superconducting parameters [43–46]
or a flux-lattice melting [47–51]. Additional extended
measurements of V–I characteristics over a broader
range of voltages are required to address these questions
properly.
In Fig. 6, the normalized field B�

c2ðT ; eÞ=B�
c2 maxðT Þ is

shown at different temperatures as a function of intrinsic
strain ei ¼ e � emax (where e is the applied strain). The
data show a systematic increase in the sensitivity of
B�
c2ðT ; eÞ=B�

c2 maxðT Þ to strain as the temperature is in-
creased, confirming the results previously reported for a
limited temperature range [28]. In Fig. 7, B�

c2 is plotted as
a function of temperature for different values of applied
strain. The solid lines in the figure are given by

B�
c2ðT ; eÞ ¼ B�

c2ð0; eÞ 1
�

� T
T �
c ðeÞ

� �m�
; ð2Þ

where B�
c2ð0; eÞ is the effective upper critical field at 0 K,

T �
c ðeÞ is the effective critical temperature at which

B�
c2ðT ; eÞ extrapolates to zero, and m is a constant. For

the data presented here, the optimum fit is found for
m ¼ 3=2. As presented in Fig. 8, B�

c2ðT ; eÞ data follow a
universal scaling law as a function of both temperature
and strain. This result shows that B�

c2ðT ; eÞ values can be
predicted for any temperature and strain from a limited
number of measurements. By measuring B�

c2ðeÞ at a gi-
ven temperature (4.2 K for example) and T �

c ðeÞ, B�
c2ðT ; eÞ

values can be calculated using Eq. (2).
From the derivative of Eq. (2) with respect to tem-

perature, one can write an expression for B�
c2ð0; eÞ as a

function of T �
c ðeÞ and the slope of B�

c2ðT ; eÞ near T �
c ðeÞ:

Fig. 5. Normalized pinning force as a function of reduced magnetic

field (b ¼ B=B�
c2Þ at 16 K for different values of applied strain (e), ob-

tained for a bronze processed Nb3Sn multifilamentary wire. The con-

tinuous line represents a function proportional to b0:5ð1� bÞ3:5.

Fig. 6. Normalized effective upper critical field (B�
c2ðT ; eÞ=B�

c2 maxðT Þ) as
a function of intrinsic strain (ei) for different values of temperature (T),
obtained for a bronze processed Nb3Sn multifilamentary wire. The

data show a systematic increase in the sensitivity of B�
c2ðT ; eÞ=B�

c2 maxðT Þ
to strain as the temperature is increased. B�

c2ðT ; eÞ=B�
c2 maxðT Þ reaches a

maximum at zero intrinsic-strain.

Fig. 7. Effective upper critical field (B�
c2ðT ; eÞ) as a function of tem-

perature (T) and applied strain (e), obtained for a bronze processed
Nb3Sn multifilamentary wire. The solid lines represent the function

B�
c2ðT ; eÞ ¼ B�

c2ð0; eÞð1� ðT=T �
c ðeÞÞ

mÞ; where the exponent m ¼ 3=2.

302 N. Cheggour, D.P. Hampshire / Cryogenics 42 (2002) 299–309



B�
c2ð0; eÞ ¼ � 2

3
T �
c ðeÞ

oB�
c2ðT ; eÞ
oT

� �
T¼T �

c ðeÞ
: ð3Þ

The factor 2=3 (¼ m�1) in Eq. (3) is consistent with that
calculated in WHH theory (¼0.693) for a dirty super-
conductor with no Pauli paramagnetic limiting [52].
In Figs. 9 and 10, B�

c2ð0; eÞ and T �
c ðeÞ values obtained

from data fitting using Eq. (2) are plotted as a function of
intrinsic strain. The present T �

c ðeÞ data, which were ex-
tracted from transport Jc measurements, are compared
to other results in the literature obtained for monofila-
mentary Nb3Sn wires with different bronze to niobium
ratios using ac susceptibility technique [12,21]. Fig. 10
shows that there is a clear similarity in the intrinsic strain
dependence of the critical temperature for the different

conductors. This universal strain dependence of Tc has
been observed before [17,21] for Nb3Sn wires. The fact
that the present T �

c ðeÞ data also fall onto this universal
curve suggests that the universal strain dependence of Tc
(or T �

c ) may not be very dependent on the technique of
measurement. All JcðB; T ; eÞ, B�

c2ðT ; eÞ and T �
c ðeÞ data

obtained have a peak located at the same strain value
emax ¼ 0:33%, demonstrating a correlation between the
variables Jc, B�

c2 and T �
c .

In Fig. 11, the ratio B�
c2ð0; eÞ=T �

c ðeÞ is plotted as a
function of intrinsic strain. This ratio is found to be strain
dependent. The relatively high values of B�

c2ð0; eÞ and
T �
c ðeÞ suggest that they are not too far below the equiv-
alent thermodynamic parameters. The thermodynamic

Fig. 8. Reduced effective upper critical field (B�
c2ðT ; eÞ=B�

c2ð0; eÞÞ as a
function of reduced temperature (T=T �

c ðeÞ) and applied strain (e), ob-
tained for a bronze processed Nb3Sn multifilamentary wire. The solid

line represents the function B�
c2ðT ; eÞ ¼ B�

c2ð0; eÞð1� ðT=T �
c ðeÞÞ

mÞ; where
the exponent m ¼ 3=2. The data show a universal scaling of B�

c2ðT ; eÞ as
a function of both temperature and strain.

Fig. 9. Extrapolated effective upper critical field at 0 K ðB�
c2ð0; eÞÞ as a

function of intrinsic strain (ei), obtained for a bronze processed Nb3Sn
multifilamentary wire. B�

c2ð0; eÞ reaches a maximum at zero intrinsic-
strain.

Fig. 10. Normalized effective critical temperature (T �
c ðeÞ=T �

c max) as a

function of intrinsic strain (ei), obtained for a bronze processed Nb3Sn
multifilamentary wire. Also presented are normalized critical temper-

ature data, inductively measured for a series of monofilamentary

Nb3Sn conductors with different bronze to niobium ratios [12,21]. The

data show a universal strain dependence for T �
c (or Tc), as reported

previously [17,21] for Nb3Sn wires. T �
c ðeÞ=T �

c max reaches a maximum at

zero intrinsic-strain.

Fig. 11. Ratio B�
c2ð0; eÞ=T �

c ðeÞ of the extrapolated effective upper crit-
ical field at 0 K over the effective critical temperature, as a function of

intrinsic strain obtained for a bronze processed Nb3Sn multifilamen-

tary wire. This ratio reaches a maximum at zero intrinsic-strain.
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relationship between the upper critical field at 0 K and
the critical temperature in the dirty limit is given by [53]

Bc2ð0Þ ¼ 3� 104 cqnTc; ð4Þ

where c is the Sommerfeld constant and qn is the residual
resistivity in the normal conducting state. If one assumes
there is little difference between the fitting parameters
and the thermodynamic parameters [54,55], one can
expect the change in density of electronic states due to
strain application to affect both c and T �

c and, therefore,
the ratio B�

c2ð0; eÞ=T �
c ðeÞ to depend on strain.

The slope �oB�
c2ðT ; eÞ=oT

� �
T¼T �

c ðeÞ
, calculated from

the ratio B�
c2ð0; eÞ=T �

c ðeÞ using Eq. (3), varies between
1.88 and 2.31 T/K for the strain range we investigated. It
is interesting to notice that these values are consistent
with those reported by Orlando et al. [56] for the slope
of the upper critical field of Nb3Sn material near Tc.

3.3. Unified strain and temperature scaling law for Fp

From the values of KðT ; eÞ, p and q found from the
data fitting, the maximum value of the volume pinning
force density F maxp ðT ; eÞ has been calculated at every
temperature and strain. In Fig. 12, F maxp ðT ; eÞ is plotted
versus B�

c2ðT ; eÞ. At each strain, the gradient of the cor-
responding line has been calculated and is plotted in Fig.
13. This gradient (n) is reasonably constant with an
average value over the strain range measured of about
3.24 and a slight tendency to increase at high compres-
sive strain as found in previous work [28]. This weak
dependence of the gradient (i.e. n) on strain found for
this technological conductor was also observed by
Kroeger et al. for a model Nb3Sn monofilament [19].
This result implies that the volume pinning force density
is given by

FpðB; T ; eÞ ¼ Jc � B ¼ AðeÞ½B�
c2ðT ; eÞ	

nbpð1� bÞq; ð5Þ

where AðeÞ is a function of strain alone, B�
c2 is the ef-

fective upper critical field, b ¼ B=B�
c2 the reduced mag-

netic field, n ¼ 3:24, p ¼ 0:5 and q ¼ 3:5. The parameter
n is called the temperature index because it is the ex-
ponent found when the strain is fixed and the scaling law
measured as a function of temperature. Typical values
for n are in the range 2–4 for low temperature super-
conductors including NbTi [22,57,58], Nb3Sn [19,28,59],
Nb3Al [60], V3Ga [61], NbN [62] and PbMo6S8 [63–66].
The prefactor AðeÞ is presented in Fig. 14 where the
value of n has been taken to be 3.24. The shape of AðeÞ,
particularly at high compressive strain, is discussed be-
low. The value of n has also been recalculated for a re-
stricted strain range �0:2%6 e6 þ 0:7% and found to

Fig. 12. Plots of log10ðF maxp ) versus log10ðB�
c2) for different values of

temperature (T) and applied strain (e), obtained for a bronze processed
Nb3Sn multifilamentary wire.

Fig. 13. Temperature index (n) as a function of applied strain (e) of
bronze processed Nb3Sn multifilamentary wire. The average value of n

is about 3.24.

Fig. 14. Prefactor A as a function of applied strain of bronze processed

Nb3Sn multifilamentary wire, for n ¼ 3:24. A is defined by the equa-
tion FpðB; T ; eÞ ¼ Jc � B ¼ AðeÞ½B�

c2ðT ; eÞ	
nbpð1� bÞq:
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be about 3.19. In Fig. 15, the equivalent values of AðeÞ
are presented as a function of intrinsic strain. These data
can be fitted by a smooth inverted parabola and show a
minimum at the strain emax where Jc, B�

c2 and T �
c reach

their maxima, consistent with previous results [28] (see
Fig. 17) and those of Kroeger et al. [19,67].
We have also investigated how the data can be de-

scribed using the strain scaling law formulation [17]. The
term AðeÞðB�

c2Þ
n
in Eq. (5) was replaced by F ðT ÞðB�

c2Þ
m

where F ðT Þ is a function of temperature alone and m is
the strain index. In Fig. 16, m is plotted as a function of
temperature when calculated in two different strain

ranges. The strain index is a strong function of tem-
perature and strain. For relatively small intrinsic strains,
m can be parameterized by the linear relation
m ¼ 0:23T . The data presented are consistent with Ekin’s
data [17] since at 4.2 K the value of m extrapolates to
approximately 1. For strong compressive strains, we
note that m is nearly equal to the temperature index n
found in Eq. (5). Although the strain index can be useful
for parameterizing data at fixed temperature (e.g. 4.2
K), we conclude that there is no simple unified de-
scription of the data over the complete magnetic field,
temperature and strain range if it is assumed that A has
no strain dependence.

4. Discussion

The finding by Fietz and Webb [22] of systematic
scaling of the bulk pinning force density with tempera-
ture and magnetic field in a series of superconducting
niobium alloys was an important step towards a better
understanding of flux pinning mechanisms in hard
superconductors. Subsequently, the observation by Ekin
of strain scaling and magnetic field scaling of Fp in a
wide range of technological conductors at 4.2 K [17,68]
extended the idea of scaling to include strain, which is a
crucial parameter from technological applications stand-
point. The strain scaling law became a useful tool for
designing relatively small superconducting magnets to
operate at�4.2 K. The difference in the dependence of Fp
on B�

c2 found in the temperature scaling law and the
strain scaling law, however, required additional experi-
mental study to elucidate this point.
Work by Kroeger et al. [19] on a model bronze-route

Nb3Sn monofilament with a very large bronze to nio-
bium ratio of 34 to 1 demonstrated that the simple flux
pinning semi-empirical scaling law of the form of Eq. (1)
described both the temperature scaling and strain scal-
ing of the pinning force density. Given that only tensile
strain could be applied in these experiments, the pur-
pose-built conductor was designed to put the monofi-
lament under a large thermal pre-compression after
cooling, to increase the strain range over which Jc could
be investigated. Fp scaled with magnetic field using Bc2
values determined from the low temperature side of
complementary resistive transition data, although this
scaling was not confirmed for all the samples measured
over the whole range of strain and temperature. Kroeger
and co-workers proposed that the prefactor A in the
Fietz–Webb temperature scaling law depends on strain.
This dependence represents an additional effect of strain
on Jc, independent of that due to the variation of Bc2 and
Tc with strain.
In previous work, we demonstrated that the apparent

inconsistency between the dependence of Fp on B�
c2

found in the temperature scaling law [22] and the strain

Fig. 15. Prefactor A as a function of intrinsic strain (ei) of bronze
processed Nb3Sn multifilamentary wire, corresponding to an average

value n ¼ 3:19 calculated for a restricted range of applied strain (e)
between �0:2%6 e6 þ 0:7%. AðeÞ reaches a minimum at about zero
intrinsic-strain, where T �

c , B
�
c2 and Jc go through a maximum.

Fig. 16. Strain index (m) as a function of temperature in different

applied strain (e) ranges, obtained for a bronze processed Nb3Sn
multifilamentary wire. In general, the index m is a function of tem-

perature and strain. For relatively small intrinsic strains, m is a linear

function of temperature. In the high compressive strain range, m has

approximately the same value as the temperature index n.
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scaling law at 4.2 K [17] is removed using the unified
strain and temperature scaling law formulated in Eq.
(5). In this work, we have extended the measurements to
a larger strain range and provided additional detailed
variable-temperature measurements of Jc in high mag-
netic fields. Systematic scaling of Fp with temperature,
strain, and magnetic field using B�

c2 values is observed,
and a correlation between the variables Jc, B�

c2 and T �
c

is demonstrated. Furthermore, universal scaling of
B�
c2ðT ; eÞ with both temperature and strain was found.
These data demonstrate that the unified strain and
temperature scaling law of Fp is not only valid for a
purpose-built monofilament conductor, but also for a
technological Nb3Sn wire throughout the entire tech-
nologically important temperature and strain range in
magnetic fields.
Additional fundamental parameters, such as the

Ginzburg–Landau parameter (j) [59,69,70] and the
thermodynamic critical field (Hc) [71] may be required
for a complete description of flux pinning. However
until the strain, temperature, microstructural and com-
positional dependence of these parameters is known, it
remains challenging to include them. The strain depen-
dence of the fundamental and microstructural parame-
ters, that are not yet included in the unified scaling law,
may also contribute to the strain dependence of the
prefactor A. Hence we suggest that the status of A is
currently just a fitting parameter so a smooth functional
form is all one can expect. Furthermore, as the prefactor
A is mainly related to the microstructure of the sample
[19,28], one may expect AðeÞ to vary from conductor to
conductor. The amplitude and variation with strain of A
for the sample studied in this work is very similar to that

of a sister sample we investigated previously (Fig. 17)
[28], but noticeably different from the data reported by
Kroeger et al. [19] on a highly pre-compressed mono-
core Nb3Sn conductor. The total variation of AðeÞ for
our conductor is about 20%, compared to about 150%
for the monocore conductor [19]. As the prefactor A
and Bc2 (or B�

c2) have opposite effects on Jc, the rela-
tively high sensitivity of A to strain for the conductor
studied by Kroeger et al. could be the reason for the
peak value of JcðeÞ not occurring at the same strain as
for Bc2ðeÞ and TcðeÞ [19]. For the conductor investigated
in this work and in previous work [28], the correlation
between the variables Jc, B�

c2 and T �
c observed may be

linked to the relatively small sensitivity of A to strain.
Despite this relatively small sensitivity for the sample
we investigated, AðeÞ data can be fitted by a smooth
inverted parabola over a range of strain around emax
(Fig. 15). The origin of the deviation from this depen-
dence of AðeÞ that we have observed in high compres-
sive regime at around an intrinsic strain ei � �0:5%
(Fig. 14) is a source of speculation at present, but may
be due to a stress-induced structural phase transition
[8,21].
One noticeable similarity between the data in this

work, our previous work [28] and Kroeger’s work [19], is
the value of the temperature index n, which is about 3.
The value of the parameter p seems to be optimum at
around 0.5. The parameter q in the present work is
somewhat high compared to the Kramer model or the
flux-line-shear-model predictions (q ¼ 2) [69], although
q values as high as 3 have been reported for Nb3Sn
conductors [19]. It has been suggested that large values
of the parameter q can be associated with a distribution
in the upper critical field at the grain boundaries [72,73].
A Kramer extrapolation to determine B�

c2 (assuming
p ¼ 0:5 and q ¼ 2) [69] does not seem to work for all
technological Nb3Sn conductors, and may result in an
overestimation or underestimation of B�

c2. As the pa-
rameters p and q may vary from sample to sample of the
same conductor depending on metallurgical and thermal
processing [69], it is probably best to consider them as
free fitting parameters.
In magnet applications, the Lorentz force applied to

the windings radially generates a hoop stress that can be
transformed into two stress components: axial tension
and transverse compression. Besides axial strain, trans-
verse compressive stress has also been reported to have
an effect on Jc [74–77], which demonstrates the tensorial
nature of the strain state [20]. Some work has empha-
sized the role of deviatoric strain in changing the
superconducting properties [21,34,36,78]. However, it is
not clear to what degree the hydrostatic strain compo-
nent can be neglected. A full description of the pinning
force density as a function of tensorial strain, tempera-
ture and magnetic field would be useful for an optimum
design of large-scale magnets.

Fig. 17. Prefactor A as a function of intrinsic strain (ei) of a second
bronze processed Nb3Sn sample investigated in Ref. [28]. AðeÞ reaches
a minimum at about zero intrinsic-strain, where T �

c , B
�
c2 and Jc go

through a maximum. The amplitude and variation with strain of A for

this sample is very similar to that of the sample investigated in the

present work (Fig. 15).
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5. Conclusion

Scaling of the pinning force density with strain,
temperature and magnetic field has been confirmed over
an extended temperature and strain range for a tech-
nological bronze processed Nb3Sn multifilamentary
wire. The data are described with the unified strain and
temperature scaling law of the form FpðB; T ; eÞ ¼
Jc � B ¼ AðeÞ½B�

c2ðT ; eÞ	
nbpð1� bÞq. If one replaces AðeÞ�

ðB�
c2Þ

n
by F ðT ÞðB�

c2Þ
m
in this equation, the strain index m

is a strong function of temperature and strain. In the
high compressive strain range, m approaches the same
value as the temperature index n. In the technological
conductor investigated, the strain dependent prefactor
AðeÞ reaches a minimum at zero intrinsic-strain where T �

c ,
B�
c2 and Jc go through their maxima. At high compressive
strains, AðeÞ deviates from a smooth inverted parabola
and no simple parameterization of AðeÞwas possible over
the whole strain range. This deviation may in part be due
to a stress-induced structural phase transformation.
A universal scaling of B�

c2ðT ; eÞ with both temperature
and strain was found. The effective upper critical field
can be described using the expression

B�
c2ðT ; eÞ ¼ B�

c2ð0; eÞ 1

 
� T

T �
c ðeÞ

� �3=2!
:

Furthermore, the effective critical temperature is found
to follow similar universal strain dependence of induc-
tively measured Tc, reported in the literature for various
Nb3Sn wires. Finally, the ratio B�

c2ð0; eÞ=T �
c ðeÞ and the

slope ð�oB�
c2ðT ; eÞ=oT ÞT¼T �

c ðeÞ are found to depend on
strain.
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