JOURNAL OF APPLIED PHYSICS VOLUME 86, NUMBER 1 1 JULY 1999

Unifying the strain and temperature scaling laws for the pinning force
density in superconducting niobium-tin multifilamentary wires
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Systematic variable temperature measurements of the transport critical current depsity (
tolerance to strailte), performed on a bronze processed niobium-tin multifilamentary wire in high
magnetic fields up to 15 T, are reported. The results showBBATT,€), the field at which the
pinning force density ;) extrapolates to zero, can be writtenB{s(0,e)g[ T/T¢ (¢€)], whereg is

a function of the reduced temperatuféT? (e) and Tg(e) is the temperature at whicBY,
extrapolates to zero. We propose a magnetic field, temperature, and strain scalingfawidch
unifies Ekin’s strain scaling law and the Fietz—Webb variable temperature scaling law. It is of the
form F=J.XB=A(¢€)[Bg,(T,€)]"bP(1-b)9, wheren, p, andq are constantsi(e) is a function

of strain alone, and is the reduced fieldB/B,. © 1999 American Institute of Physics.
[S0021-897€09)04412-9

I. INTRODUCTION variable temperature scaling law with Ekin’s strain scaling
law has yet to be supported by detailed experimehtalata.

The enormous research activity into the properties Of jmited variable temperature, variable strain measurements
superconducting materials has lead to the rapid developmeft,e peen reported usitigumped cryogend*® or samples

of cryocooled magnet systems operating at temperaturggi, jow critical currents® However in this article, system-
above 4.2 K using low temperatdrand high temperature atic transportJ.(B,T,e) measurements on a bronze pro-

superconductors.n such systems, it is important to know cessed NiSn multifilamentary wire are reported throughout

the effect of strain, magnetic field, and temperature on the, \ije temperature range. We address the functional form of

critical current density in the component wires or tapes. FurBéz(T,e) and propose a unified scaling law that describes the

thermore, a detailed functional form for the critical Cu"enttemperature strain, and field dependencE pf This scaling
density () may help establish the mechanisms that detery,, ejiminates the apparent inconsistency between the de-
mine the pinning of magnetic flux lines, and hence, aid f“r'pendence oF , on B, (i.e., the different values af andm)

p o (i.e.,

ther optimization of superconductors for high field applica-¢,,nq in the Fietz—Webb law and Ekin’s law
tions. Fietz and Webb first measured a scaling law for the '

volume pinning forceF,(=J:.XB) in a series of niobium
alloys?® Later, several authots® found that variable tem- Il. DESCRIPTION OF THE STRAIN PROBE

perature]. data can be described by a general formHgrof We have developed a probe to perform transport

Fp(B, T)=A[Bg(T)]"bP(1—b)9, (1)  J(B,T,e) measurementd. The strain is applied to the

* , . sample using the technique developed by Walters, Davidson,
whereA, n, p, andq are constantsc; is the f|el_d at WE'Ch and Tuck which consists of soldering the wire to a thick
FP extrapola_t(_es fo zero, artd IS th_e reduced f'el(B/_BcT . coiled spring and twisting one end of the spring with respect
Since the critical current density in superconducting Wires, he othert® The titanium alloy used by Walters to fabri-
was found to depend on stralirextensive experimental and cate the spring, which is difficult to solder to, has been re-

theoretical work has been carried out to incorporate Strai'ﬂ)laced by a 2% beryllium doped copper alloy that has an
into the scaling law.~* Ekin® reported a strain scaling law elastic limit of about 0.9% at room temperature. Since sol-

obtained at 4.2 K of the form dering the sample to this material is easy, both compressive
Fp(B,e)x[B§2(4_2 K,e)]™bP(1—b)9. 2) and tensile strain can be applied to the sample. The variable

temperature environment is similar to thatJif{(B,T) probes

s . N developed in our group’. The sample is in a vacuum cham-

(NbsSn) although the powen in the Fietz—\Webb law is e syrrounded by a demountable can. Previously either sol-

typically around 2.5. In general, the valuescdndmare not  ger or yacuum grease was used to attach the can to the probe.

the same for a given materisl To date, no detailed variable In the new probe, a copper gasket and knife edges, typically

temperature, variable straid. measurements have been seq in high vacuum systems, form the seal between the can
made on high current density, technological superconducting,4 the probe. This seal is mechanically strong enough to

wires. Theoretical work directed at unifying the Fietz—Webbg ctain the torque applied to the spring. A thermometry
block containing a calibrated Rh—Fe thermometer and a
3Electronic mail: najib.cheggour@durham.ac.uk field-independent capacitance thermometer is located inside

The powerm was found to be about 1 for niobium-tin
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FIG. 1. J.(B,e€) results at 13.8 K using the AV/cm criterion, for a bronze ¢

processed NiSn multiflamentary wire. The results show an excellent re-

versibility of J, with applied strain. FIG. 2. Normalized pinning force as a function of reduced magnetic field at

variable applied strain at 13.8 K, for a bronze processegSNmultifila-
mentary wire. The continuous line represents a function proportional to
bOASO(l _ b) 2.79‘

the spring. We have improved the temperature accuracy over

previous work® by placing a Cernox thermometer next to

the sample and calibrating the Rh—Fe thermometer with re- 1 obtainB%,(T,e) values and describe the field depen-

spect to the temperature of the sample. dence ofF,, Eq.(1) was used. By globally optimizing the fit
to the data obtained at 13.8 K, a local shallow minimum at
IIl. SAMPLE PREPARATION AND MEASUREMENTS p=0.50 andg=2.79 was found. Figure 2 shows that at 13.8

K, a scaling law forF, with reduced magnetic field accu-

The wire used was a bronze processed Vacuumschmel;gtely describes the data for all applied strain values used,

NbsSn multifilamentary wire. It has a diameter of 0.37 mm. . .
: : : heth tensile. Th I
It contains 4500 Nb filaments embedded into CuSn alloy an%\\j ether compressive or tensile. The same valugsaidq

: tabilized. The b : duct o i 2.4 ere used in fitting the variable strain data obtained at 9 K
'S nonstabilized. 1he bronze 1o superconductor Tatio IS 2.%,,q e yariaple temperature data obtained at zero strain. The
The sample was wound on a stainless steel sample holder

od agreement found using the fitting procedure demon-
and heat treated under an argon atmosphere at 700 °C for @ates gthatF ca: beu \I/vr?tten alleg=pK(T e)ub0'50(1
p p !

2' I ;V?S .tth\?n Ec):a_lrefully transferr?d onto tpetstprll(ng art1d sol-_ b)%® whereK(T,e) is an arbitrary function off and e,

ered o It o(B,T) measurements were firs axen a ZeroaIthough the values gf andg may not be considered unique.
strain, from 6.5 to 16.5 K every 2.5 K. The strain was thenI Fig. 3. th lized fiel®*.(T €)/B* t 9 and

i ted byAe=0.057% up to+0.7%. At each value of N Fig. 3, the normalized fiel@gy( T, €)/Bc, mafT) at 9 an
Incremented ' o 3.8 K is shown and compared to the results at 4.2 K from
applied strain,J. measurements were taken at 9 and 13.8 kin? The peak inB,(¢) and Jy(€) occurs at the same
as a function of magnetic field up to 15 T. While releasing _, .’ . 2\ € : .

the strain, measurements were taken at 13.8 K to check thsetraln (éma)- Bea((T, €)/Bcz mafT) Is not a universal function
reversibility of J.. After returning to zero strain, compres-
sive strain was then applied with the same incremental —
change down to-0.171% and measurements taken at 9 anc 1.07

13.8 K.

IV. RESULTS o9

*

c2 max

The J. values are calculated for the overall wire cross @
section, using the standardu//cm criterion. Thel.(B,¢) Y 08t
results for 13.8 K are presented in Fig. 1. The shape of them ™

curves is similar to results reported for 4.22R!! At each : (- 4.2 K (Ekin)

field, J. peaks at the same value of straig,,), which is -O0- 9K

attributed to precompression exerted by the bronze matrixor ~~ 0-7[ —o— 138K |
the NkSn filaments as the sample is cooled down after the —_—
heat treatment. At 9 and 13.8 K, the maximum valueg of 03 01 0.1 0.3 0.5 0.7 0.9
are obtained for the same strai,,,. The value ofeq Applied Strain (%)

(=0.257%) is in good agreement with that reported for simi-

lar Nb;Sn specimens at 4.2 K in theAavAs program and 13.8 K, for a bronze processed;Sh multifilamentary wire. The dotted

21 . . .
report: F'gure 1 al_so shows that after 5tra'_n|ng the S_amplqne shown represents Ekin’s data at 4.2 K, for varioug®tbspecimens
to a maximum tensile value 6f0.7%,J. remains reversible. (see Ref. @

FIG. 3. Normalized fielB%,(€)/B¥, m.xas a function of applied strain at 9
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FIG. 4. B%,(€)/Bf, ma calculated values for 0 and 4.2 K, for a bronze

processed N§Bn multifilamentary wireB%,(€)/Bg, .« deduced using the

1 ) g (FpmaX)
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FIG. 5. Plots of logk ;™) vs logB?,) for variable temperature and variable

experimental results d@¢,(€) obtained for 9 and 13.8 K and the expression applied strain conditions, for a bronze processedSbmultifilamentary
Bi,(T,€)=B%,(0,e)[1-T/T% (€)]. BE,(€)/Bg, maxCalculated values for 4.2 wire.

K are in a good agreement with Ekin's ddtee Ref.

perature, the more sensiti@,(T, €)/By, (T) is to strain.
These results are in contrast to those of Kroegeal.,!®
which showed no correlation betwedf, and J.. More-
over, in their results, strain scaling was not observed.

i i , g[T/T%(€)] has a weak dependence on strain. Therefore,
of strain but is temperature dependent. The higher the temB&(T,e)/B& __(T) can be calculated quite accurately, inde-
pendent of the exact form @f. Using Eq.(4), B%,(0,e) was
determined an®%,(T, €)/Bg, a{T) calculated for 4.2 and 0
K as shown in Fig. 4. The calculation for 4.2 K is in a good

agreement with Ekin’s results, which confirms the validity of

Eq. (3). This equation shows that by knowin@y (e),

V. TEMPERATURE AND STRAIN DEPENDENCE OF
THE FIELD B,

shown that the temperature dependence of the upper critical

field [B(T)] can be described by B.(T)

=B(0)g(T/T.). Hence, we suggest that the strain andFORCE DENSITY

temperature dependence Bf, can be expressed as

©)

T
B§2(T,e)=B§2(0,e)g(T*—(é) ,

B%,(0,6) andg, one can findB},(T,e) for any temperature
and strain provided that the applied strain kedpdn the

Several studies of the Ginzburg—Landau theory havdeversible regime.

VI. UNIFIED SCALING LAW FOR THE PINNING

In Fig. 5, F ;' versusB?, is shown for all strains and

temperatures measured. Variable temperature data at zero
strain give a value fon for the whole temperature range of

. ) 3.1. The variable strain data at fixed temperature show that if
whereg[T/T¢ (¢)] describes the temperature dependence ofhe data are parameterised using Eqnas a strong function

BZ, and also incorporates strain through the téthife), the

of temperature. In contrast, the indexs strain independent

temperature at whictBg,(€) extrapolates to zero. To test and has an average value of 24515 in the temperature

experimentally the validity of Eq(3), one can use the data
obtained at 9 and 13.8 K to calculaBd,(4.2 K,e) for com-
parison with Ekin’s results. For a wide temperature range,
our variable temperature data for the JSh wire at zero
strain show that to a good approximatidsy,(T) is fairly
linear. Hence, the high temperature formRjf, we suggest
for the NiySn wire is

T’é(e)>'

TZ (€) is deduced from a linear extrapolation®f, at 9 and
13.8 K to B,=0. Although only 2 points were used to
evaluateT? () for each strain, the shape of (¢) is fairly
smooth and has its peak value at the same straB;(s)
does. To calculate the absolute values Bdi(T,e) at low
temperatures, we need a more general forng[af/ T ()]
than a simple linear temperature dependence to incorpora
the saturation oB},(T) for low temperatures. However, in

1—

Beo(T,€)=Bg(0.€) (4)

Index n (Dimensionless)

3.4 T T T T T T T T
naverage = 2 95
3.2 .
e®e
3.0f . 1
X J
L . R 9
[ N J PY [ J
28 Py 7
2_6 1 1 L L 1
-0.3 -0.1 0.1 0.3 0.5 0.7 0.9
Applied Strain (%)

index

E?G. 6. The indexh as a function of strain in the temperature range from 9
_ . to 13.8 K. The
the low temperature regimd,/T¢ (€) tends to zero so that  x[B*(T,e)]"b%5(1—b)2™

is defined by the equatioR,=A(e)
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range from 9 to 13.8 KFig. 6). Hence, thel (B,T,e) data  VIII. CONCLUSION
presented in this work can be described by a unified tempera-

i rai q tic field ing | ¢ th In summary, the temperature and strain dependence of
fg:ﬁ; strain, and magnetic ield scafing faw ot the generabtz has been described. Variable temperature, variable strain

J. data show that the reduced field dependence pfis
Fo(B,T,€)=A(€)[BE,(T,€)]"0P(1—b)9, (5) broadly independent of temperature and strain, consistent
with the Fietz—Webb and Ekin scaling laws. In order to

V\f[he'ren|=2.9pl\-3,p=0.50,tc:]=2.7r?, anc.iA'(e) IS a flur;;:non cif eliminate the apparent inconsistency between these laws for
strain aloneA(e) goes through a minimum valuéf,y) a the dependence df, on Bf,, a unified scaling law is pro-

I 0, ini -
€max anql varles by about 40% over the range of strain m_vesposed that describes the field, temperature, and strain depen-
tigated in this work A(e) can be parametrized as a function

of strain using an expression similar to those proposed pregqence offp data. This law will contribute to the develop-
. ! ment of superconducting cryocooled high-field magnet
viously to describel (€) andB?,(¢€),%° of the general form P g cry 9 9

technology.
A(€)=Anmin[ 1+ a| €~ 6maxl 1, (6)
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